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The progress of Physical Chemistry is now so rapid, its 
domain is so extensive, and the number of journals devoted 
to its exposition is so great, that it has appeared desirable to 
issue a series of volumes, each of moderate compass, and each 
dealing with one branch of the subject. The rate of advance 
in various branches of the subject is not equal; while, for 
example, the basis of the science remains comparatively 
stationary (for methods of determining atomic and molecular 
weights, and the classification of compounds undergoes little 
modification), rapid progress is being made in other branches. 
Hence it has been thought proper to issue several short 
manuals, so that each individual one may be frequently 
brought up to date, independently of others. In this way, 
a statement of what is known on each subject will be made 
accessible to students and investigators. The subject has 
been divided as follows, among the authors mentioned : — 

AN INTRODUCTION TO PHYSICAL CHEMISTRY. 

By Sir William Ramsay, K.C.B., F.R.S. is. net.' 
THE PHASE RULE. Alexander Findlay, D.Sc. ss. 
>• STOICHIOMETRY. PROFESbOR Sydney Young, D.Sc, 

F.R.S. 
V THE RELATION BETWEEN CHEMICAL CONSTI- 
TUTION AND PHYSICAL PROPERTIES. Samuel 
Smiles, D.Sc. 
ELECTRO-CHEMISTRY. R. A. Lehfeldt, D.Sc. 2 vols, 
t SPECTROSCOPY. E. C. C. Baly, F.I.C. 
THERMODYNAMICS. F. G. Donnan, M.A., Ph.D. 
CHEMICAL DYNAMICS, AND REACTIONS. J. W. 
Mellor, D.Sc. 

T/ie order in which these parts will he issued is not that 
given ; for some subjects are more easily treated of than ot/iers ; 
but it is hoped that all the volumes will be ready for tlie press 
before December, 1 904. 

' This is the General Introduction to the series, and it alsc' appears in 
Mr. Findlay's book on the Phase Rule. 
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PREFACE 

Although we are indebted to the late Professor Willard 
Gibbs for the first enunciation of the Phase Rule, it was not 
till 1887 that its practical applicability to the study of Chemical 
Equilibria was made apparent. In that year Roozeboom 
disclosed the great generalization, which for upwards of ten 
years had remained hidden and unknown save to a very few, 
by stripping from it the garb of abstract Mathematics in which 
it had been clothed by its first discoverer. The Phase Rule 
was thus made generally accessible; and its adoption by 
Roozeboom as the basis of classification of the different cases 
of chemical equilibrium then known established its value, not 
only as a means of co-ordinating the large number of isolated 
cases of equilibrium and of giving a deeper insight into the 
relationships existing between the different systems, but also 
as a guide in the investigation of unknown systems. 

While the revelation of the principle embedded in the 
Phase Rule is primarily due to Roozeboom, it should not be 
forgotten that, some years previously, van't Hoff, in ignorance 
of the work of Willard Gibbs, had enunciated his " law of the 
incompatibility of condensed systems,'' which in some respects 
coincides with the Phase Rule ; and it is only owing to the 
more general applicability of the latter that the very 
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important generalization of van't Hoff has been somewhat lost 
sight of. 

The exposition of the Phase Rule and its applications given 
in the following pages has been made entirely non-mathe- 
matical, the desire having been to explain as clearly as 
possible the principles underlying the Phase Rule, and to 
illustrate their application to the classification and investiga- 
tion of equilibria, by means of a number of cases actually 
studied. While it has been sought to make the treatment 
sufficiently elementary to be understood by the student just 
commencing the study of chemical equilibria, an attempt has 
been made to advance his knowledge to such a stage as to 
enable him to study with profit the larger works on the subject, 
and to follow with intelligence the course of investigation in 
this department of Physical Chemistry. It is also hoped that 
the volume may be of use, not only to the student of Physical 
Chemistry, or of the other branches of that science, but also 
to the student of Metallurgy and of Geology, for whom an 
acquaintance with at least the principles of the Phase Rule is 
becoming increasingly important. 

In writing the following account of the Phase Rule, it is 
scarcely necessary to say that I have been greatly indebted 
to the larger works on Chemical Equilibria by Ostwald (" Lehr- 
buch "), Roozeboom (" Die Heterogenen Gleichgewichte "), 
and Bancroft ("The Phase Rule"); and in the case of the 
first-named, to the inspiration also of personal teaching. My 
indebtedness to these and other authors I have indicated in 
the following pages. 

In conclusion, I would express my thanks to Sir \\^illiam 
Ramsay, whose guidance and counsel have been constantly 
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at my disposal ; and to my colleagues, Dr. T. Slater Price and 
Dr, A. McKenzie, for their friendly criticism and advice. To 
Messrs. J. N. Friend, M.Sc, and W. E. S. Turner, B.Sc, 
I am also indebted for their assistance in reading the 
proof-sheets. 

A. F. 

November, 1903. 
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INTRODUCTION TO THE STUDY 
OF PHYSICAL CHEMISTRY 

By Sir WILLIAM RAMSAY, K.C.B., F.R.S. 

To define exactly the provinces of the Sciences of Physics and 
Chemistry is not easy. The definition that the object of 
Chemistry is the study of the changes which matter undergoes 
during the formation and decomposition of compounds, while 
that of Physics has reference to changes which affect matter 
independently of its composition, hardly meets the case. It is 
true that it is possible to deduce certain laws relating to the 
properties of matter, which are valid irrespective of the chemical 
composition of the matter ; but such laws deal with the beha- 
viour of matter in motion, or acted on by gravitational or other 
forces which apply only to matter in bulk. For example, 
Newton's law of " gravitation " — ^that two masses approach 
each other as if impelled by a force which varies directly as 
their masses, and inversely as the square of the distance which 
separates them — takes no cognizance of the nature of the 
matter which attracts : the law is not affected by the chemical 
composition of the acting bodies. Similarly, the laws dealing 
with inertia are true, whatever the nature of the matter to which 
these laws apply. But when phenomena relating to change 
of volume by pressure^ to the surface phenomena of liquids, 
to electricity, to heat, light, and other forms of wave-motion, 
are considered, the laws deduced from them contain specific 

b 
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constants, so that their numerical appHcation can be made 
only when these specific constants are known. Thus although 
the same differential equation governs the flow of heat in all 
kinds of matter, it contains a specific constant, viz. the " con- 
ductivity ; " and as this varies for different kinds of matter, the 
chemical nature of the substance becomes a factor in the problem. 

The birth of physical chemistry may be said to date from 
the recognition of this fundamental idea ; where the laws or 
generalizations regarding properties of matter depend not 
merely on the masses or rates of motion of the objects con- 
sidered, but also on their composition and chemical nature, 
their consideration falls under the heading " Physical 
Chemistry." 

It was not until the middle of the nineteenth century that 
this began to be recognized ; although many facts had been 
discovered, and many laws deduced before that date, physical 
chemistry was not differentiated from physics, on the one hand, 
and chemistry on the other, until the dependence of certain 
physical phenomena on the chemical composition of the objects 
under consideration had become obvious. 

The attempts of the ancients to interpret the facts around 
them led to little of value. For long mankind was contented 
to observe certain phenomena, and to utilize them for industrial 
purposes, if they were found suitable. Yet in all ages " philo- 
sophers," or lovers of wisdom, as they liked to call themselves, 
have endeavoured to " explain " certain observed facts. This 
word " explain " is frequently used without any very definite 
view of its signification. It may be defined as " to state the 
unknown in terms of the known," and this process was facili- 
tated by grouping observed facts into similars and dissimilars. 
The " properties of matter," for example, were " explained " 
by the Greeks and their predecessors by the theory that all 
matter partook of the nature of fire, air, earth, and water — the 
so-called " elements " — in greater or less proportion. But this 
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hypothesis, which, so long as only the solidity, fluidity, or 
gaseous nature of matter was in question, appeared reasonable, 
failed to throw light on the changes which matter undergoes 
during combustion. And in the seventeenth century, Boyle, in 
his Sceptical Chymist, pointed out that it was impossible to 
explain the existence of the numerous chemical substances 
known in his day, or the transformations which they may be 
made to undergo, by this ancient hypothesis. The word 
" element " was otherwise defined by Boyle as the constituent 
of a compound bodyj and he denied that the properties of 
matter could be modified by assimilating the qualities of fire, 
air, earth, and water. 

In the light of this revolution of thought it became of 
importance to determine which of the numerous forms of 
matter were to be regarded as elementary and which as com- 
pound, or composed of two or more elements in a state of 
combination ; and also to produce such compounds by causing 
the appropriate elements to combine with each other. 

The progress of science was, however, retarded by the 
existence of certain preconceived notions, which had first to be 
disproved before advance was possible. The first of these was 
the failure to recognize the material nature of air, and to differ- 
entiate between one gas and another. Although Boyle himself 
discovered the most important law, which goes by his name, 
and which deals with the compressibility of air, and although 
the fact that air possesses weight had been foreshadowed by 
Jean Rey, physician to the court of France, and by Torricelli, 
the inventor of the barometer, it was not until experiments 
were made by Black, in 1752, on carbonic acid that it was 
distinctly recognized that gases may differ in kind, and that 
each possesses its own particular density. The investigations 
of Scheele, Priestley, and Cavendish in the succeeding years 
showed that many kinds of gas exist; and in the following 
century Faraday, by liquefying ammonia, chlorine, and other 
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gases, proved that a gas is merely a vapour at a high tem- 
perature; and Andrews, by his investigation on the critical 
temperature of carbon dioxide, showed that above that tempe- 
rature that gas cannot be liquefied by compression alone. 
Towards the end of the nineteenth century, Pictet and Cailletet 
succeeded in liquefying oxygen ; Wroblewski, Olszewski, Kam- 
merlmgh Onnes, and Dewar prepared liquid oxygen and air on 
a fairly large scale ; and the more recently invented machines 
of Hampson and Linde have much facilitated the process of 
liquefaction. Olszewski was the first to liquefy hydrogen in 
minute quantity ; and on a larger scale, Dewar and, later, 
Travers have succeeded in preparing liquid hydrogen in bulk. 
The only gas which has as yet resisted liquefaction is helium. 

The second fallacy was an inverted notion of the pheno- 
mena of combustion. It had long been held, probably since 
the eighth century, that the property of burning which many 
substances possess was due to the sulphur which it was 
supposed that they contained. At that date, what were later 
called " hypostatical (or underlying) principles " were added 
to the four elements, as capable of modifying the nature of 
matter. These were : salt, which conferred fixity in the fire ; 
mercury, which conferred volatility and metallic lustre ; and 
sulphur, which carried with it combustibility. This idea was 
somewhat modified by Becher, who conceived all combustible 
matter to contain a terra pinguis, or fatty earth. His pupil, 
Stahl, having observed that it was possible to confer combusti- 
bility on many substances which had lost that power on having 
been burned, by calcining them in absence of air with bodies 
such as charcoal, wood, coal, flour, etc., which themselves 
possessed the property of burning, extended, about the year 
1690, the use of the idea of "sulphur," or terra pinguis, and 
at the same time changed its name to " phlogiston." We see 
here the conception of the substantial nature of flame, which 
will be alluded to later on. This phlogiston was not merely a 
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principle which was lost during combustion ; it was at the 
same time possible to transfer it from a body rich in it to one 
containing little or none. From this point of view, metals 
were regarded as substances rich in phlogiston ; when they 
were calcined in the air, the remaining " calces " were looked 
upon as metals from which phlogiston had escaped, but by 
heating such " calces " with charcoal or other substances rich 
in phlogiston, that principle was transferred to the " calces," 
and metals were reproduced. The metals were therefore con- 
sidered to be compounds of their calces with phlogiston. Other 
substances, such as phosphorus or sulphur, when burned, gave 
acid liquids, to which it was not so easy to add phlogiston ; 
but even they could be phlogisticated ; and sulphur and phos- 
phorus were regarded as compounds of sulphuric and phosphoric 
acids with phlogiston. 

The discovery of oxygen in 1774 by Priestley and by 
Scheele, and the explanation of its functions by Lavoisier 
during the ten following years, revolutionized the method of 
regarding combustion. It was then recognized that combustion 
is union with oxygen ; that an earth, or " calx," is a compound 
of a metal with oxygen ; that when a metal becomes tarnished 
and converted into an earthy powder, it is being oxidized; 
that the resulting oxide, when heated to redness out of contact 
with air with charcoal or carbon, or with compounds such as 
coal, flour, and wood, of which carbon is a constituent, gives 
up its oxygen to the carbon, forming an oxide of carbon, 
carbonic oxide, on the one hand, or carbonic " acid " on the 
other, while the metal is reproduced in its " reguline " or 
metallic condition ; and that the true elements are metals, 
carbon, phosphorus, sulphur, and similar bodies, and not the 
products of their oxidation. 

The third mistaken notion was the material nature of heat. 
The fact that flames were actually seen issuing from burning 
bodies early led to the view that they were material objects ; 
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and fire was therefore regarded as one of the "elements." 
Even after the overthrow of the ancient notions of combustion, 
it was believed that, although devoid of weight, heat was a 
substance. The earlier treatises often began with " the three 
imponderables " — heat, light, and electricity. Under the name 
of " caloric " this view was long held regarding heat. Towards 
the end of the eighteenth century Count Rumford had noticed, 
at Munich, that an apparently inexhaustible supply of heat 
could be generated by the boring of cannon, and that if bored 
under water the rise of temperature was such that the water 
could be kept in a state of ebullition. He argued, therefore, 
that the heat was not previously in combination with the iron 
of the cannon, or of the drill, but that it was produced by 
friction. At a later date Davy succeeded in melting two 
pieces of ice by rubbing them together. 

That bodies possess a certain capacity for, or power of 
holding, heat was discovered by Leslie and Black, who investi- 
gated the specific heats of many different substances. Black 
also made experiments on the quantity of heat absorbed by 
different substances when they melt or evaporate, and intro- 
duced the conception of "latent" heat, i.e. heat which is 
possessed by a body, but which is insensible to a thermometer. 
The first table of capacities for heat was published by Kirwan 
in 1780 : though Crawford had published the result of attempts 
to determine the specific heats of gases in 1779. 

In 1 80 1 Dalton published in the memoirs of the Man- 
chester Literary and Philosophical Society, 5, p. 515, an account 
of experiments which proved that while the compression of 
gases was attended by an evolution of heat, their expansion 
rendered them colder; and Leslie attempted to introduce 
quantitative measurement. In 1807 Gay-Lussac applied the 
temperature changes resulting from the compression of gases 
to the measurement of their specific heats; and in 181 6 
Laplace had differentiated between the specific heat of a gas 
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at constant volume and under constant pressure, and had 
applied his results to Newton's equation relating to the velocity 
of sound. The explanation was first given, however, by Julius 
Robert Mayer. While former investigators held the idea that 
the phenomena were to be explained by the view that on 
compressing a gas caloric escaped, as water does when a 
sponge is squeezed, and on allowing it to expand the heat 
enters and again fills the pores of the gaseous matter, Mayer 
regarded the heat produced as the equivalent of the work 
expended on the gas. From the known alteration of temperature 
which a gas undergoes on expanding and the resulting heat 
which it absorbs on the one hand, and from the work which 
the gas can do during expansion on the other, he attempted 
to calculate the equivalence of heat and work. Almost at the 
same date J. P. Joule made quantitative experiments, in which 
he measured the rise of temperature of a known weight of 
water when it was set in violent agitation by a stirring 
apparatus driven by a descending weight. The doctrine of 
the existence of heat as a subtle form of matter thus gradually 
became extinct ; and heat is now regarded when it is asso- 
ciated with matter as a state of motion of the particles of 
matter, atomic or molecular; and when " radiant" — i.e. during 
the condition of transit from one body to another (in which 
state the name " heat " is perhaps inapplicable) — as a state 
of strain in an imaginary medium, the ether, the strain being 
passed from place to place in the form of waves. 

It was not until these misconceptions — the immaterial 
nature of gases, the inverted notion of combustion, and the 
material nature of heat — had been removed, that progress in 
physical chemistry became possible. But even with their 
removal the way was not clear, for it was necessary that a 
working hypothesis regarding the nature of matter should first 
have been formed. This was primarily due to John Dalton, a 
Manchester schoolmaster. 
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It had been noticed by Wenzel, by Richter, by \Vollabton, 
and by Cavendish towards the close of the eighteenth century 
that the same compounds contain the same constituents in the 
same proportions, or, as it is expressed, " possess constant 
composition." WoUaston, indeed, had added to this the 
further fact that when the vegetable acid, oxalic acid, is 
combined with potash it forms two compounds, in one of 
which the acid is contained in twice as great amount relatively 
to the potash as in the other. The names monoxalate and 
binoxalate of potash were applied to these compounds to 
indicate the respective proportions of the ingredients. Dalton 
conceived the happy idea that by applying the ancient Greek 
conception of atoms to such facts, the relative weights of the 
atoms could be determined. Illustrating his views with the 
two compounds of carbon and hydrogen, marsh gas, and 
olefiant gas, and with the two oxides of carbon, carbonic oxide 
and carbonic " acid," he regarded the former as a compound 
of one atom of carbon and two of hydrogen, and the latter as 
a compound of one atom of carbon and one of hydrogen, and 
similarly for the two oxides of carbon. Knowing the relative 
weights in which these elements enter into combination, he 
deduced what he supposed were the relative weights of the atoms. 

Dalton's work was first expounded by Thomas Thomson, 
Professor at Glasgow, in his,^i'i-/<f;« of Chemistry, published in 
1805, and subsequently in Dalton's own System of Chemical 
Philosophy, the three volumes of which were published in 1808, 
in 1810, and in 1827. 

The determination of these " constants of Nature," the 
atomic weights, was at once followed out by many chemists, 
Thomson among the first. Chief among the chemists who 
pursued this branch of work was Jacob Berzelius, a Swede, 
who devoted his long life (1779-1848) to the preparation of 
compounds, and to the determination of their composition, or 
as it is still termed, the determination of the " atomic weights " 
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— more correctly equivalents — of the elements of which they 
are composed. It is to him that we owe most of our analytical 
methods, for prior to his time there were few, if any, accurate 
analyses. Although Lavoisier had devised a method for the 
analysis of compounds of carbon, viz. by burning the organic 
compounds in an atmosphere of oxygen contained in a bell-jar 
over mercury, and measuring the volume of carbon dioxide 
produced, as well as that of the residual oxygen, Berzelius 
achieved the same result more exactly and more expeditiously 
by heating the substance, mixed with potassium chlorate and 
sodium chloride, and thus estimating the hydrogen as well as 
the carbon. This process was perfected by Liebig. Berzelius, 
however, was able to show that compounds of carbon, like 
those of other elements, are instances of combination in 
constant and multiple proportions. 

In 1815 two papers were published in the Annals of 
Philosophy by Dr. Prout, which have had much influence on 
the progress of chemistry. They dealt with the figures which 
were being obtained by Thomson, BerzeUus, and others, at 
that time supposed to represent the " atomic weights " of the 
elements. Prout's hypothesis, based on only a few numbers, 
was that the atomic weights were multiples of that of hydrogen, 
taken as unity. There was much discussion regarding this 
assertion at the time, but as it was contradicted by Berzelius's 
numbers, the balance of opinion was against it. But about the 
year 1840 Dumas discovered an error in the number (i2"i2) 
given by Berzelius as the atomic weight of carbon ; and with 
his collaborator, Stas, he undertook the redetermination of the 
atomic weights of the commoner elements — for example, 
carbon, oxygen, chlorine, and calcium. This line of research 
was subsequently pursued alone by Stas, whose name will 
always be remembered for the precision and accuracy of his 
experiments. At first Stas inclined to the view that Prout's 
hypothesis was a just one ; but it was completely disproved by 
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his own subsequent work, as well as by that of numerous other 
observers. It is, nevertheless, curious that a much larger 
proportion of the atomic weights approximate to whole numbers 
than would be foretold by the doctrine of chances ; and 
perhaps the last has not been heard of Prout's hypothesis, 
although in its original crude form it is no longer worthy of 
credence. 

To Dalton the smallest portions of matter, whether consist- 
ing of single atoms, as that of oxygen, O, or of compounds, 
such as water, to which he ascribed the composition HO, 
were alike regarded as atoms. This view, however, conflicted 
with experimental data arrived at by Gay-Lussac in the year 
1808. In conjunction with Humboldt, Gay-Lussac had redis- 
covered about three years' before what had previously been 
established by Cavendish, namely, that, as nearly as possible, 
two volumes of hydrogen combine with one volume of oxygen 
to form water, the gases having been measured at the same 
temperature and pressure. Humboldt suggested to Gay-Lussac 
that it would be well to investigate whether similar simple 
relations obtain between the volumes of other gaseous sub- 
stances when they combine with each other. This turned out 
to be the case ; it appeared that almost exactly two volumes of 
carbonic oxide combine with one volume of oxygen to form 
two volumes of carbonic acid gas ; that equal volumes of 
hydrogen and chlorine unite to form hydrochloric acid gas ; 
that two volumes of ammonia consist of one volume of nitrogen 
in union with three volumes of hydrogen, and so on. From 
such facts Gay-Lussac was led to make the statement that 
the weights of equal volumes of gases, whether simple or 
compound, and therefore their densities, are proportional to 
their empirically found combining or atomic weights, or to 
rational multiples of the latter. Gay-Lussac regarded this 
discovery of his to be a support for the atomic theory, but it 
did not accord with many of the then received atomic weights. 
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The assumption that equal volumes of gases contain equal 
numbers of particles, or, as they were termed by him, molecules 
integrantes, was made in 1811 by Avogadro, Professor of Physics 
at Turin. This theory, which has proved of the utmost im- 
portance to the sciences of both chemistry and physics, had no 
doubt occurred to Gay-Lussac, but had been rejected by him 
for the following reasons : A certain volume of hydrogen, say 
I cubic centimeter, may be supposed to contain the same 
number of particles (atoms) as an equal volume of chlorine. 
Now, these two gases unite in equal volumes. The deduction 
appears so far quite legitimate that i atom of hydrogen has 
combined with i atom of chlorine. But the resulting gas 
occupies 2 cubic centimeters, and must therefore contain the 
same number of particles of hydrogen chloride, the compound 
of the two elements, as i cubic centimeter originally contained 
of hydrogen or of chlorine. Thus we have 2 cubic centimeters 
containing, of uncombined gases, twice as many particles as 
is contained in that volume after combination. Avogadro's 
hypothesis solved the difficulty. By premising two different 
orders of particles, now termed atoms and molecules, the solu- 
tion was plain. According to him, each particle, or molecule, 
of hydrogen is a complex ; it contains 2 atoms ; the same is 
the case with chlorine. When these gases combine, or rathei 
react, to form hydrogen chloride, the phenomenon is one of a 
change of partners ; the molecule, the double atom, of hydrogen 
splits ; the same is the case with the molecule of chlorine ; and 
each liberated atom of hydrogen unites with one of chlorine, 
forming a compound, hydrogen chloride, which equally consists 
of a molecule, or double atom. Thus 2 cubic centimeters of 
hydrogen chloride consist of a definite number of molecules, 
equal in number to those contained in i cubic centimeter of 
hydrogen plus those contained in i cubic centimeter of chlorine. 
The case is precisely similar if other gaseous compounds be 
considered. 
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Berzelius was at first inclined to accept the theor>', and 
indeed went so far as to change many of his atomic weights to 
make them fit it. But later he somewhat withdrew from his 
position, for it appeared to him hazardous to extend to liquids 
and solids a theory which could be held only of gases. Avo- 
gadro's suggestion accordingly rested in abeyance until 1858, 
when Cannizzaro, Professor of Chemistry in Rome, published 
an essay in which all the arguments in favour of the hypothesis 
were collected and stated in a masterly manner. 

Although as early as 1811 a distinction had been drawn 
between the two classes of particles, atoms, or single particles 
of elements, and molecules, or congeries of atoms, which may 
either be of one kind, in which case the molecule is one of an 
element, or of different kinds, in which case the molecule is 
one of a compound, yet, as we have seen, the theory was not 
accepted by chemists and physicists until after 1858. 

Inasmuch as physical chemistry rests on the molecular 
hypothesis of matter, researches before that date referred 
merely to the physical properties of matter, and just conclu- 
sions could not be drawn from them. It is necessary, in many 
very important researches, to pay attention to data considered 
with reference to equal numbers of molecules, instead of to 
equal masses of substance ; and relations really simple remained 
undiscovered until the molecular hypothesis was generally 
adopted. 

Yet many interesting observations were made before the 
middle of the eighteenth century, of great value in themselves, 
although their true bearing was not evident until the molecular 
hypothesis of matter had been established. 

For example, Boyle's law (1662) relating to the compressi- 
bility of air was found to apply with more or less accuracy to 
the compressibility of other gases ; and Gay-Lussac's or Dalton's 
law (1808) dealing with the expansion of gases with tempera- 
ture, also holds approximately for all gases. The progress of 



STUDY OF PHYSICAL CHEMISTRY xxix 

science, however, has always been characterized by the dis- 
covery of approximate relations ; the divergence from exactness 
has generally at first been attributed to the imperfection of the 
observations ; and with improvements in apparatus, and with 
introduction of extreme conditions, these " laws " have always 
been discovered to be only approximately applicable ; to render 
them more in accordance with fact, modifications have had to 
be introduced which lessen the deviations ; but all that can be 
said of any so-called " laws " is that at the best they represent 
the results of measurement as accurately as the methods of 
experiment allow. 

It is seldom the case that the causes of divergence can be 
fully discovered. Yet in some instances it is possible to surmise 
that the cause is known, even although the phenomena are too 
complicated to be solved numerically. The moon pursues an 
approximately elliptical course round the earth, due to her own 
proper motion and to the attraction of the earth ; yet the path 
is influenced by the attraction of the sun, and in a lesser 
degree by that of the planets, and in a still smaller by that of 
the fixed stars. Owing to the number and complexity of these 
various attractions, it is impossible to do more than approxi- 
mate numerically to the actual path of the moon's orbit ; yet 
as many of these attractions are almost inconceivably minute, 
their effect may be disregarded. In such an instance the law 
of attraction is a simple one; but with molecules, instead of 
masses, the laws of attraction have still to be discovered. 

Applying this conception to Boyle's and Gay-Lussac's laws, 
it was soon discovered that they held only with approximation ; 
and in 1829 Dulong and Arago, and later Pouillet, Regnault, 
and Natterer, investigated the variation of the product of 
pressure and volume, which, according to Boyle's law, should 
remain constant so long as temperature is stationary. The 
investigation from a practical point of view was continued by 
Amagat, Mathias, Ramsay and Young, and others ; and from 
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the theoretical side by van der Waals, Clausius, and many 
others. 

It is clear that Boyle's law can be valid only under one of 
two suppositions — either that the molecules of a gas themselves 
occupy no space, or that the molecules themselves are equally 
compressible with the gas. The last supposition has not re- 
commended itself; it has been generally assumed that mole- 
cules are analogous to solid spheres, or solid particles of some 
definite form ; and that as a great increase of pressure causes 
only a small decrease in the volume of a solid, so a " solid " 
molecule must be regarded as practically incompressible. That 
the compressibility of a gas must necessarily be less than that 
calculable from Boyle's law was predicted by Daniel Bernoulli 
(1738) ; but he did not recognize that another influence may be 
at work, tending to reduce the distance between the molecules, 
namely, their mutual attraction. The two conceptions were 
first introduced by van der Waals. But the simple formula 
devised by him does not accurately represent facts, and we are 
still ignorant of even approximately exact laws relating to the 
compressibility of gases, and their expansion on rise of tem- 
perature. 

But certain gases, on rise of temperature, did not show 
even the approximate regularity in expansion demanded by 
Gay-Lussac's law. Bineau, who had determined the density 
of many vapours at relatively high temperatures, discovered 
that ammonium chloride, cyanide, hydrosulphide and carbonate 
as well as phosphoric chloride, and chloride and bromide of 
phosphonium possessed a vapour density only half as o-reat as 
that implied by their formula. The explanation was given by 
Cannizzaro, Kopp, and Kekule. They pointed out that these 

substances decompose when heated into simpler constituents 

ammonium chloride, for example, into ammonia and hydroo-en 
chloride — and that, on cooling, the original substance is re- 
produced. To this decomposition Deville gave the name 
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" dissociation." Wiirtz, in 1865, traced the gradual dissociation 
and re-formation of amylene hydrobromide, and other instances 
followed j from that date the justice of the theory of reversible 
decomposition by heat, or dissociation, of certain substances 
was established. 

It was for long believed that molecules exercise a repulsive 
action on one another, and tend to part company on account 
of this repelling force. And it was known that if forces of 
any kind suffer displacement in the direction of their action 
without external work being done, heat is evolved. It would 
follow, therefore, that if a gas were to expand without doing 
work, its temperature should rise. Joule and Thomson (Lord 
Kelvin) showed, however, that on free expansion, most gases, 
instead of rising in temperature, undergo a small decrease. 
Hence there must be a small attractive, and not a large 
repulsive force between their particles. 

Waterston, in 1845, attributed the pressure of a gas to the 
impacts of its molecules on the walls of the containing vessel, 
and on the manometer ; while the temperature of the gas was 
conditioned by the rate of the motion of its particles. His 
work, however, remained unnoticed until attention was directed 
to it by Lord Rayleigh; and Kronig in 1856, and Clausius in 
1857, following Joule in 1851, deduced from these hypo- 
theses the " kinetic theory of gases,'' by means of which, 
considering molecules as hard, smooth, elastic spheres, a 
mechanical explanation of Boyle's and Gay-Lussac's laws and 
of Avogadro's hypothesis was given. By introducing numerical 
data for pressure and volume, the actual average velocity of a 
molecule of any gas could be calculated ; and the measure- 
ments of Thomas Graham, published in 1833, of the rate of 
passage of gases through porous septa, and through narrow 
openings, were shown to approximate closely to numbers cal- 
culated on the basis of the relative average velocities of the 
molecules of different gases. It was also possible to calculate 
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the " free path," or average distance which a molecule traverses 
before collisions with other molecules ; and also from measure- 
ments of the friction of gases in passing through capillary 
tubes, the relative diameters of the gaseous molecules, and 
consequently their volumes. 

The attraction between the molecules of any gas decreases 
rapidly with rise of temperature j and with hydrogen gas, the 
boiling-point of which is about 20-5° absolute, or — 252-5° C, 
there is no sensible attraction at ordinary temperatures. Hence 
deviations from Boyle's law, in this case, by increase of pressure, 
are ascribable solely to the space occupied by the molecules 
relatively to that which they inhabit. It is therefore easy to 
calculate the actual volume of the " solid " molecules in any 
given volume of hydrogen gas ; it appears to be somewhat less 
than ToVoth part of the space inhabited by hydrogen mole- 
cules at ordinary temperature and pressure. Knowing this, the 
actual diameter of a hydrogen molecule may be estimated as 
about I '6 X io"° centimeter; or, otherwise expressed, there 
are present in i cubic centimeter of hydrogen 5 X 10'* mole- 
cules ; or, again, the thousandth part of that volume, or i cubic 
millimeter of hydrogen gas contains about 50,000 miUion 
million molecules. The corresponding numbers for other gases 
can be calculated similarly from their relative diameters. 

It has already been mentioned that Julius Mayer and Joule 
regarded heat as a form of energy (a word introduced by 
Rankine), and that Joule measured the equivalence between 
heat and work ; and also that Clausius attributed the heat con- 
tained in gases, at least, to the state of motion of their mole- 
cules. The " First " and the " Second Law of Thermodynamics " 
stand in close connection with these conceptions. The first 
law is — that as heat and work are numerically interchange- 
able, and are both forms of energy, energy is indestructible and 
uncreateable. A loss of energy is only apparent ; it is not really 
lost, but only appears in another form. The second is — that 
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heat cannot of its own accord pass fivm a colder to a warmer 
Body ; or in Thomson's (Lord Kelvin's) words : It is impossible 
by means of any lifeless jnaterial contrivance to produce mechanical 
actio7ifrom a given mass of matter by cooling it below the tempe- 
rature of the coldest surrounding objects. Still another method 
of expressing the same truth is — A thermodynamic perpetual 
motion is impossible ; the perpetual motion being derived from 
a machine in which there is, it is true, neither creation nor 
destruction of energy, but a cyclical production of useful 
external work at the expense of a heat reservoir of constant 
temperature, or other source of "equilibrated" energy. These 
two laws have been productive of the greatest advances in 
physics and in chemistry; they may now be regarded as the 
fundamental bases of both sciences. The first law is invdlved 
in the determination of the ratio between the specific heat of 
gases at constant volume and at constant pressure. From this 
ratio a very important deduction has been drawn regarding the 
molecular complexity of gases, viz. that while certain gases, 
such as mercury-vapour and the gases of the argon group, con- 
sist of molecules of the simplest possible nature, that is, of 
sihgle atoms, other gases, such as hydrogen, oxygen, nitrogen, 
and chlorine, consist of molecules composed each of two 
atoms. The conclusion as regards the last-mentioned gases 
had been arrived at from chemical considerations; but .the 
proof was wanting, until corroborated by means of these 
physical aids. The subject has been fully worked out from the 
theoretical side by O. E. Meyer and by Boltzmann, whose 
work on the kinetic theory is also of great value. 

Early researches of a physico-chemifcal nature were made in 
1819 by Dulong, Director of the Ecole Poly technique at Paris, 
in conjunction with Petit, Professor of Physics there. These 
led to the discovery that equal amounts of heat are required to 
raise equally the temperature of solid and liquid elements, pro- 
vided quantities are taken proportional to their atomic weight ; 
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in other words, equal numbers of atoms of elements have equal 
capacity for heat. By this means, an approximate estimate of 
the atomic weight of an element may be arrived at ; and this, 
taken in conjunction with the exact determination of the 
equivalent of the element, may be made to yield a knowledge 
of the exact atomic weight. It would follow from this that as 
equal volumes of mercury gas and the gases of the argon 
group contain the same number of atoms (for the molecule is 
in their case identical with the atom), equal volumes should 
possess equal capacity for heat. If the molecular weight, oi 
what is the same for these gases, the atomic weight, be ex- 
pressed in grams, the specific heat at constant volume for such 
weights is 3 ; i.e. to raise the temperature of 4 grams of 
helium, 20 grams of neon, 40 grams of argon, 8i'6 grams of 
krypton, 128 grams of xenon, or 200 grams of mercury-vapour 
through 1°, provided the gas is not allowed to expand, requires 
as much heat as could raise 3 grams of water from 18° to 19° C. 
And if the gas be allowed to expand, work will be done owing 
to the displacement of the atmosphere, so that other two heat 
units or calories are equivalent to that work ; the specific heat 
" at constant pressure " is therefore 5, and the ratio between 
the two is as 3 : 5, or as I : if. It is found that for gases with 
diatomic molecules, such as Oo, No, H^, etc., while the specific 
heat for equal atomic weights is 5 for constant volume, that for 
constant pressure is 7 ; the ratio between the two is as 5 : 7, or 
as I : i'4. Gases with more complicated molecules have higher 
specific heats; but the ratio between the atomic heat at con- 
stant volume and constant pressure is a smaller one, and does 
not display the same regularity as that between the atomic 
heats of monatomic and diatomic gases. 

These relations are realizable by aid of the kinetic theory 
of gases, which postulates that the motion of the molecules is 
equivalent to their temperature. With monatomic molecules 
this motion is almost entirely translatory ; with diatomic or 



STUDY OF PHYSICAL CHEMISTRY xxxv 

polyatomic molecules, on the other hand, there is not merely 
translatory motion from place to place in the containing vessel, 
but also there must be atomic motion within the molecule. 
The atomic motion is represented by the absorption of a 
certain amount of heat, when the temperature of the compound 
gas is raised. This view is due to Naumann (1876). 

The specific heats of equal number of atoms of solids, on 
the other hand, if the atomic weights be expressed in grams, 
approximate to the number 6, nearly twice as great as 
that for monatomic gases at constant volume. It may be 
conjectured that the heat is partially accounted for by over- 
coming the restraint to which the molecules are subject in the 
solid state ; and as the atomic heats are approximately equal, 
it may be argued that the molecules of all solid elements are 
subject to approximately equal restraint. As certain elements, 
namely, carbon, silicon, boron, and beryllium, are characterized 
by specially low atomic heats at ordinary temperature, it might 
be argued that their atoms are less restrained in their motion 
than those of the other solid elements. Yet, as Weber showed, 
at high temperatures their atomic heats become more normal ; 
and it is difificult to see why a rise of temperature should 
increase any restraint due to natural attraction of atoms in the 
molecule. In compounds, too, as shown by Neumann (1831), 
Regnault (1840), Joule (1844), and Kopp (1864), the specific 
heats of equal numbers of molecules is approximately constant, 
though to some elements it would appear that exceptionally 
low atomic heats must be ascribed. Altogether the theory of 
the specific heats of solids and liquids is in an unsatisfactory 
state, and further investigations are much needed. 

We have here an instance, however, of the necessity of 
taking into consideration the chemical constants of the sub- 
stances investigated, i.e. atomic and molecular weights, in order 
to secure even approximate regularity. For the specific heats 
of elements and compounds present no regularity, unless they 
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be referred to atomic or molecular weights. Hence the deter- 
mination of specific heats has been undertaken mainly by 
chemists ; and the data obtained are among the earliest 
examples of physico-chemical constants. 

The relations discovered by Gay-Lussac between the 
volumes of gases and their combining proportions stimulated 
others to investigate the question whether similar relations 
could not be found for liquids and solids. The first successful 
attempts were made by Hermann Kopp in 1842. The number 
of cubic centimeters of liquid at its boiling point, obtainable by 
condensing that volume of gas which contains the molecular 
weight of the liquid "expressed in grams, was termed by Kopp 
the " specific volume." But it has since been found preferable 
to retain this term for the reciprocal of the density, i.e. for the 
volume occupied by one gram of the substance ; and to 
substitute the term " molecular volume " for the constant 
suggested by Kopp. Working with carbon compounds, it was" 
easy, by subtraction, to ascertain the difference in molecular 
volume for compounds differing by CH2, i.e. the difference 
between consecutive compounds in a homologous series, and 
so to arrive at values for individual elements. It was then 
possible to calculate the molecular volumes of compounds by 
adding together the atomic volumes of the elements which they 
contained. The investigation was continued by Ramsay, 
Thorpe, Lossen, Schiff, and others; and it transpired that, 
as a rule, elements in compounds retain the atomic volumes 
which they possess in the free state ; that the constitution of a 
compound has an appreciable influence on its molecular volume • 
and that certain elements are capable of assuming different 
volumes, according to the manner in which they are com- 
bined. 

Properties which, like molecular weights and molecular 
volumes, can be numerically valued as the sum of the values 
of similar terms for elements, are on Ostwald's suggestion 
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termed " additive." Those which are influenced by constitu- 
tion, as to some extent molecular volumes, are termed " con- 
stitutive ; " and those which, like gaseous pressures, depend 
wholly on the number, and not on the nature of the molecules, 
are termed " coUigative." It was soon discovered that other 
properties of matter could be treated so as to exhibit their 
" additive " nature ; among these are : the molecular refractive 
index, or the relative retardation which diiferent compounds 
and elements offer to the passage of light (Gladstone and Dale, 
1858; Landolt, 1864; L. Lorenz and H. Lorentz, 1880; 
Briihl, 1 880) ; the dispersion of light, or the relative angle 
which passage through a prism separates rays of known wave- 
length (Gladstone and Dale, Kanonnikoff) ; the molecular 
rotation of the plane of polarized light by its passage through 
transparent chemical compounds in a magnetic field (Perkin) ; 
and molecular coefficients of viscosity (Thorpe and Rodger). 

It is, however, also possible to treat such data partly from 
a " colligative," partly from a " constitutive " point of view ; 
and attempts in this direction, more or less successful, have 
been made by Schroder and by I. Traube. The latter has 
been able to apply his method also to molecular volumes in 
solution in various solvents. 

The surface energy of liquids has been shown by Eotvos 
(1886), and by Ramsay and Shields (1890), to have a simple 
relation to their molecular weights. At and above the critical 
point of a liquid it no longer possesses a surface, for liquid 
and gas are one. As the temperature falls below the critical 
point, however, the surface energy increases ; and the rate of 
increase for equal numbers of molecules on a liquid surface, is 
approximately equal for all normal liquids. This affords a 
means of determining the molecular complexity of compounds 
and elements in the liquid state, for it is a colligative property. 
Other methods have yielded evidence corroborative of the quan- 
titative results deduced from measurements of surface tension ; 
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for example, the ratio between the density of a substance at 
its critical point and its normal gaseous density (Young), the 
rate of variation of its vapour pressure with increase of tem- 
perature, and similar properties. 

The distinguishing characteristic of chemical compounds is 
their constant composition. But it is often difficult to decide 
whether or not a particular substance has or has not definite 
composition. Substances which do not exhibit constancy in 
this respect are termed " mixtures," and such mixtures some- 
times consist of compounds mixed with excess of one or other 
constituent. The investigation of the nature of mixtures, 
accordingly, has long been regarded as the legitimate sphere 
of the chemist. 

The first definite law regarding mixtures was discovered by 
Dr. Henry in 1803 ; it refers to solution of sparingly soluble 
gases in water. It is : The amount of gas absorbed or dissolved 
by a given amount of liquid is proportional to the pressure of 
the gas. As, however, the volume of the gas is inversely pro- 
portional to the pressure, it follows that a given quantity of 
liquid always dissolves the same volume of gas, whatever the 
pressure, temperature, of course, being maintained constant. .V 
convenient way of stating the same fact is to use the word " con- 
centration " to signify the quantity of substance in unit volume ; 
it then follows that the concentration of the gas in the space 
occupied solely by gas is proportional to the concentration of the 
solution of the gas in the liquid, for by doubling the pressure 
the concentration of the gas is doubled, for twice the weight is 
contained in unit volume ; and as the amount in solution is also 
doubled, its concentration is increased in the same proportion. 

Henry's discovery was extended in 1807 by Dalton to the 
case of gaseous mixtures. His law \s,:Ifa liquid is exposed to 
a mixture of gases, the amount of each gas dissolved is proportional 
to its partial pressure, and to its solubility. 

The solubility of gases in liquids generally decreases on 
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rise of temperature; but as the critical point of the liquid 
is approached, other phenomena intervene, which have been 
investigated largely by Kammerlingh Onnes and his pupils in 
the physical laboratory at Leiden, in Holland. 

The behaviour of mixtures of liquids on distillation has 
also been investigated by Konovalow (1881); and his work 
has been greatly extended by Young. In certain cases, if the 
liquids are immiscible, the vapour pressure at any given tem- 
perature is the sum of the vapour pressures of the constituents 
of the mixture ; if the liquids are miscible, the vapour pressure 
of the mixture is less than the sum of the pressure of each ; 
and it may be less than that of either. In certain cases the 
boiling point of such a mixture remains constant, under 
constant pressure ; and as constancy of boiling point has been 
regarded as a sign of definite chemical composition, it has 
been argued that the mixture was a true chemical compound. 
But this view is incorrect. Alteration of pressure, as was shown 
by Roscoe and Dittmar in i860, alters the composition of the 
mixture, and the conclusion as to constancy of chemical 
composition is disproved. 

Many researches have been made on the solubility of 
solids in liquids. As a rule, the higher the temperature the 
more soluble the solid is. But for each temperature there 
exists a maximum of solubility ; the solution is then said to be 
" saturated." Certain substances, however, such as slaked 
lime, decrease in solubility with rise of temperature ; and this 
has been shown to be due to the fact that as the temperature 
rises the soluble compound (in the case mentioned above, 
calcium hydroxide, Ca(0H)2) loses water, and is converted 
gradually into an insoluble, or a much less soluble substance 
(CaO). The laws relating to the mutual solubility of two or 
more salts in each other's solutions will be alluded to later. 

The state of saturation may be reached in one of two ways : 
the solution may either be saturated at a high temperature. 
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and allowed to cool to the required temperature, or the 
solvent may be shaken up with the powdered solid until it 
is saturated. In each case the same end-point results ; a state 
of equilibrium is reached. Yet Ostwald has shown that if the 
solid is finely divided, it is more soluble than if in coarse 
lumps. 

The rate of diffusion of liquids was carefully investigated 
by Thomas draham (1851). It has already been mentioned 
that Graham's results as regards the relative rates of diffusion 
of gases are in accord with the rates of motion of their 
molecules. The diffusion of liquids into each other is also 
due to molecular motion. And as gaseous pressure is attributed 
to the collision of the molecules of the gas with the walls of 
the containing vessel, so the molecules of liquid, by virtue of 
their motion, must also generate pressure. But in a mixture of 
liquids a method for the measurement of the pressure of one 
of them is not easy to devise. The account of an experiment 
carried out by Ramsay for gases will render the method clear. 

A vessel constructed of the metal palladium, at a high tem- 
perature, allows hydrogen to pass through its walls, but is 
impervious to nitrogen and other gases. If such a vessel be 
filled with nitrogen, and heated to a constant high temperature 
under a definite pressure, say that of the atmosphere : and if a 
current of hydrogen be passed over its exterior, the hydrogen 
will enter, while the nitrogen cannot escape through the metal 
walls. The pressure in the interior will rise, owing to the 
entry of the hydrogen, until the total pressure in the interior of 
the vessel will equal the atmospheric pressure of thC original 
nitrogen, plus the pressure of the hydrogen which has entered ; 
and if the hydrogen on the exterior is at atmospheric pressure, 
the total pressure registered will be two atmospheres. The 
iiicrease of pressure may be regarded as due to the nitrogen, 
since the hydrogen, being able to pass in each direction through 
the palladium, will balance its external and internal pressures. 
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The palladium may be termed a " semi-permeable " septum, 
since it is permeable to one siibstance, apd not the other. 

By a similar device the pressure of substances dissolved in 
liquids may be measured. In this case the pressure of the 
dissolved substance is termed its "osmotic'' pressure; it is 
that which tends to spread the dissolved substance through the 
solution by diffusion, from a place of greater to a place of less 
concentration ; it is due to the motion of the molecules of the 
dissolved substance. 

It had been long known that a bladder filled with alcohol 
and placed in water would swell, and might even burst, owing 
to the entry of the water through the animal membrane. This 
entry was ascribed by F. Perrot (1815) to the tendency of 
miscible liquids to " wander " through each other, until they were 
uniformly distributed throughout the mixture. This pheno- 
menon, however, had more direct interest for botanists than 
for physicists, inasmuch as it appeared to be related to the 
ascent of sap in plant-stems ; and it was first qualitatively in- 
vestigated by M. Traube (1867), who, after attempting the 
preparation of artificial diaphragms of tannate of gelatine, and 
of ferrocyanide of copper, found that these membranes were 
permeable to some substances and not to others. Quantitative 
measurements were made by W. Pfefter (1877), who obtained 
his best results with ferrocyanide of copper diaphragms ; and 
van't Hoff showed, in 1885, that the quotient obtained by 
dividing the pressure by the concentration is constant at equal 
temperatures — a law comparable with Boyle's law for the 
compressibility of gases, for concentration may be regarded as 
the reciprocal of volume. Van't Hoif also showed that the 
increase of osmotic pressure with increase of temperature 
followed Gay-Lussac's law, and again confirmed the analogy 
between gases and substances in dilute solution. De Vries 
and Tammann amplified the work of Pfeffer (1888) by de- 
termining at what degree of dilution various solutions exercised 
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equal osmotic pressure; and van't Hoff pointed out that for 
certain substances, such as sugar, salicin, etc., the quantities 
of dissolved substances were then present in proportion to 
their molecular weights. Moreover, he went a step further 
and showed that the osmotic pressure exercised by a solution 
of cane-sugar at a definite temperature and at a definite 
concentration (i.e. with a definite weight of cane-sugar con- 
tained in unit volume of the solution) was the same as the 
pressure which would be exercised at the same temperature by 
a gas containing a number of molecules per unit volume equal 
to that of the cane-sugar. 

The osmotic pressures of dissolved salts, however, do not 
exhibit the same simplicity. The reason for this divergence 
was first pointed out by van't Hoff, and will be referred to 
later. 

The fact that solutions of compounds in pure solvents 
raise the boiling point of the solvent had been known for 
long ; it was investigated in 1822 by Faraday, and later (1824) 
by Griftiths, and (1835) ^ly Legrand. They, and Wiillner 
(1856-1858), investigated chiefly the behaviour of salts; and 
Ostwald (1884) pointed out that if the rise in boiling point of 
the solution be referred, not, as these authors had done, to the 
relative weights of dissolved substance, but to their relative 
inokcular weights, equal numbers of molecules of different salts, 
dissolved in the same weight of solvent, produce an approxi- 
mately equal rise in the temperature at which the solution boils. 
But it was not until Raoult (1886) had extended the researches 
to solutions of carbon compounds other than salts, that regu- 
larity was introduced. It then transpired that equal numbers 
of dissolved molecules produce an equal rise in the boiling 
point of the solution ; or, stated in another manner, the pre 
sence of equal numbers of molecules of two substances in equal 
quantities of the same solvent reduces the vapour pressure of 
the solutions to an equal extent. The connection between these 



STUDY OF PHYSICAL CHEMISTRY xliii 

phenomena and between similar relations dealing with the 
depression in the freezing point of a solvent produced by the 
pressure of dissolved substances was shown by van't Hofif in 
1887 ; and the thermodynamic explanation was given by him, 
and in a different form also by Arrhenius in 1888. 

Arrhenius, too, propounded a theory to account for the 
irregular behaviour of salts as regards their osmotic pressure, 
and the rise in boiling point and depression in freezing point 
of solutions containing them, which they exhibit. It is — that 
when dissolved, salts dissociate into two or more constituents, 
each of which produces an effect as if it constituted a separate 
molecule ; and that these constituents are identical with the 
ions, or carriers of electricity, when the salts are subjected to 
the influence of an electric current. Many arguments in favour 
of this hypothesis were collected and published by van't Hofif 
in 1887 ; others are to be found in the volume-relations, 
the colour, the optical, the magnetic, and other properties 
of salts. 

The connection between the osmotic pressure of dissolved 
substances and the rise of boiling point or depression of freezing 
point which their solutions exhibit can be shown only by the 
aid of thermodynamics. But one consideration will make it 
plain that such a connection must exist. The osmotic pressure 
of a dissolved substance evidently depends on its concentration 
in the solution ; if the concentration be increased, the osmotic 
pressure will be increased proportionally. This could be 
achieved by applying an external pressure to the solution, so 
that solvent would be expelled through the semi-permeable 
membrane, just as the pressure of a gas can be increased by 
diminishing its volume by application of external pressure. 
Now, the amount of work done in diminishing the volume of 
the solution is the same, whether the solvent be removed by 
pressing it through the diaphragm, or by freezing it out, or by 
removing it by evaporation ; and thus the relation between 
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psmotic pressure and the depression of vapour pressure or 
freezing point can be established. There is, indeed, a fourth 
method of altering concentration, and that is by shaking the 
solution with some other liquid which does not mix with the 
original solvent, but which dissolves the substance, and so 
removes it partially from the original solvent ; and here, again, 
similar thermodynamic considerations can be introduced. 

The relationship between the volumes, expansions, optical 
properties, and other properties of solids have been to some 
extent worked out. Many approximate numerical relations, 
based on the molecular weights of the solids, have been eluci- 
dated ; but, as a rule, the results have not been so useful as 
those with gases and liquids. Allusion has already been made 
tp the equality of the atomic heats of the solid elements, dis- 
covered by Dulong and Petit ; and to the extension of Dulong 
and Petit's law to compounds by Neumann in 1831. Reg- 
nault, Kopp, and Joule have contributed to our knowledge of 
such relations ; the ease with which very low temperatures can 
now be obtained leads to the hope th^t in the near future this 
knowledge may be considerably increased, and that some philo- 
sophical basis may be found for -the irregularities which have 
hitherto been discovered. 

That almost ever)' change in a chemical system is accom- 
panied by a gain or loss of energy is evident, if heat be regarded 
as a form of energy, for heat is almost always evolved or 
absorbed during the formation or decomposition of every 
chemical compound. The total energy in any substance eludes 
measurement ; but the difference in energy-content between 
any one state and any other can be determined. The province 
of thermal chemistry is the measurement of such differences 
of energy in the form of heat. 

The first important theoretical advance in this direction 
was due to Hess (1840), in his postulate that the total evolution 
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of heat during any chemical process is tJie same whether the process 
takes place in one or in several stages. Actual determinations of 
the heat evolved during combustion of various substances, and 
of the heat-changes which take place on solution, were made by 
Andrews (1841 and subsequent years) and by Graham (1:843) j 
and Favre and Silbermann greatly added to our knowledge of 
facts of this nature (1852-1853). The most remai-kable series 
of researches on the heat-changes which accompany chemical 
action are due to Julius Thomsen of Copenhagen, and to Mar- 
cellin Berthelot of Paris ; the former published his first treatise 
in 1853, and the latter in 1865, and they have continued their 
investigations almost to the present day (1903). 

, Each of these authors enounced a principle, which has 
subsequently turned out to be incorrect, viz. that those chemical 
reactions take place which are accompanied by an evolution of 
heat. But this incorrect hypothesis led to the production 
of an enormous mass of experimental work. The evolutiori of 
heat during the formation of numerous compounds from their 
elements, the heat-changes occurring during the conversion of 
one compound into another, the heats of Combustion of cotti- 
pounds of carbon and other elements, that evolved during the 
neutralization of bases by acids and during the progress of 
allotropic and isomeric change, have, in many cases, been 
measured, and many interesting conclusions have bfeen arrived 
at. One of the most interesting is the fact that on neutralizing 
a dilute solution of a monobasic acid by a monoaCid base, 
nearly the same amount of heat is evolved in most cases ; and 
the tracing of this fact to its cause — that such an action is 
accompanied by only one chemical change, the combination of 
the hydroxyl ion, OH', of the base with the hydrogen ion, H-, 
of the acid. The metallic and acid ions remain, for the most 
part, unaffected by mixing their solutions. When combination 
occurs, or where the acid or the base, in solution, exists not 
wholly in the state of ions, the regularity no longer holds. 
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Other interesting results have been arrived at in the case of 
explosive bodies, which are always endothermic, i.e. are formed 
with absorption of heat; while stable bodies are generally pro- 
duced with heat evolution. With rise of temperature, sub- 
stances formed with evolution of heat become more unstable ; 
and the converse is also true, that endothermic substances 
become more stable on rise of temperature. 

On the whole, however, little of theoretical importance has 
been deduced from the very numerous data of thermal 
chemistry. It is true that F. W. Clarke has recently published 
the outlines of an attractive theory, which makes it possible 
to calculate the heats of formation of many compounds from 
simple considerations ; but the accuracy of Clarke's deduction 
has been disputed by Julius Thomsen. 

The first application of electricity to chemistry dates from 
the time of Priestley (1772) ; he proved that the effect of pass- 
ing electric sparks through air was to produce an acid substance, 
which he supposed to be carbonic acid; but in 1775 Caven- 
dish carried out a marvellously careful set of experiments, and 
showed that the acids actually produced were nitrous and nitric. 
Not long afterwards van Marum (1785) and van Trostwyk 
and Deimann (1789) showed that hydrogen and oxygen result 
from the action of powerful sparks on water. 

Shortly after (1791) Galvani discovered that a feeble 
current of electricity caused the muscles of a frog's leg to 
contract, and Volta invented his " pile." With such a " pile," 
Nicholson and Carlisle "decomposed water" (1800), and 
found that from the wire attached to the zinc disc oxygen was 
evolved, while from the other wire bubbles of hydrogen escaped. 
At the same time the water round the former became acid, and 
round the latter alkaline. That acid and alkali could be pro- 
duced by the decomposition of "pure" water was a puzzle to 
many ; and it was not until Humphry Davy showed in 1800 that 
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the alkalinity and acidity were due to the electrolysis of minute 
traces of salt, dissolved out of the vessel in which the water was 
contained, and that pure water in vessels of gold or platinum 
was a practical non-conductor, and gave rise by its decom- 
position to no alkali or acid, that the anomaly was explained. 

Davy also evolved a theory by means of which he en- 
deavoured to connect electrical with chemical phenomena. 
Starting from the known fact that acids or bases in contact 
with metals acquire an electrical charge, he argued that the 
same must be the case with atoms ; that in entering into chemical 
combination they acquire electrical charges of different sign, 
and cohere, owing to the same reason which causes electrical 
attraction of oppositely electrified bodies. According as the 
charge is greater or less, the chemical attraction is powerful or 
feeble. Davy found the difference of chemical potential to 
increase with rise of temperature, and drew the not unnatural 
conclusion that this increase runs parallel to the increase of 
chemical affinity, which causes combination more readily at a 
high than at a low temperature. Indeed, Davy did not regard 
these as two different phenomena, one the cause, the other the 
effect, but he regarded them as essentially the same. 

Decomposition by an electric current he believed to be a 
reversal of the phenomena of combination. In giving the 
atoms of the decomposing compound opposite charges to those 
which they had acquired by their combination, the atoms were 
restored to their previously neutral state ; the positive atoms or 
groups were attracted to the negative pole; their positive charges 
were neutralized by a corresponding negative charge from the 
pole, and the atom or group was liberated in the free state. 

Davy's views made no lasting impression, for they were 
shortiy afterwards superseded by those of Jacob Berzelius 
(1806). Berzelius held the view that all chemical compounds 
consisted of a combination of two opposite constituents. To 
this view he was led by the observation that an electric current 



xlviii INTRODUCTION TO THE 

apparently decomposed salts into an acid portion and a basic 
portion^ each of which goes respectively to the negative or to 
the positive pole ; combustible substances, alkalies or alkaline 
earths, collect at the positivb pole, while oxygen, acids, and m 
general oxidized substances go to the negative pole. He also 
believed that the decomposition of mixtures or of compounds 
was in compound proportion to their chemical affinity and to 
their surface of contact, and that the absolute amount of the 
decomposition was proportional to the quantity of electricity, 
and that this varied with the surface of contact between the 
metal and the conducting liquid ; it was also supposed by him 
to be proportional to the conductivity of the solution. The 
course of the reactions occurring during decomposition was 
believed to be influenced by the affinity of the components 
for the material of the wires, by the mutual affinity of the 
constituents, and by the cohesion of the resulting compounds. 
To justify these suppositions he made the hypothesis that each 
atom contains electric charges of different amounts; and in 
general both a positive and a negative electric charge, one at 
each pole. His theory differed from that of Davy essentially 
in this, that while Davy believed that the atoms acquired their 
charges only by contact with each other, Berzelius imagined the 
atoms to be endowed from the start with electrical charges. 
But although any atom contained both a positive and negative 
charge, they were not necessarily equal in amount ; hence some 
atoms were essentially negative, whilst others were essentially 
positive. During combination, the oppositely electrified atoms 
attracted each other, and by equalizing their charges, more or 
less, heat and light were the accompaniments of the partial or 
complete restoration of the electrical neutrality. Berzelius 
himself acknowledged, however, that the neutralization of the 
electric charges removed the cause of the persistence of the 
compound, if chemical affinity were considered to be due to 
electric attraction. But Berzelius made use of his "binary" 
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theory more as a means of classification than for the purpose 
of explaining chemical or electrical phenomena ; and owing to 
that advantage it persisted for long. 

The next advance in the subject was due to Michael 
Faraday (1831-1838). His first statement was : Tlie amount 
of a substance decomposed by an electric current is proportional 
to the amount of electricity which passes through it. This was 
soon after followed by the important law which goes by his 
name : If the same current passes through several electrolytes, the 
amounts of the different substances separated from the compound 
are proportional to the chemical equivalents of tlie substances 
separated. The same amount of electricity, he showed, always 
liberated the same amount of explosive mixture of oxygen and 
hydrogen from dilute sulphuric or hydrochloric acid, whatever 
the " strength " of the current, the size of the electrodes, the 
dilution of the liquid, or the temperature. 

It was Faraday who introduced the term electrolysis to 
signify the process of separation of the constituents of a com- 
pound body by means of an electric current ; the conductor, of 
which the components undergo such separation, he called the 
electrolyte; the moving parts were termed by him ions (or 
" movers "), and those which go towards the anode he called 
the anions, and similarly, the ions which move towards the 
kathode were termed by him the kations {ana = up ; kata = 
down j hodos = a way). 

Faraday was careful to point out that the passage of a 
current through an electrolyte, and the separation of the ions 
at the electrodes, although they are concurrent, are yet abso- 
lutely distinct phenomena. 

While Davy's view that the products of electrolysis are the 
metal or hydrogen, on the one hand, and the non-metal, or 
electro-negative group, on the other, had been overshadowed 
by Berzelius's contention, that one product is an acid, and the 
other a base, the question was not settled until Daniell, 

d 
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Professor at King's College, London (1839), showed that if a 
current be passed through " water '' (dilute acid) as well as 
through a solution of sodium sulphate, the same amount of 
hydrogen is collected in each case; but in the latter, an 
equivalent of "soda" (sodium hydroxide) is also set free. 
Hence the current would appear to be doing double work in 
the solution of sodium sulphate ; not merely liberating the 
correct amount of hydrogen, but also liberating the soda. 
He pointed out the obvious explanation : that the primary 
product of the electrolysis of the sodium sulphate is sodium, 
and that the hydrogen is really produced by the action of that 
metal on the water, at the moment of its liberation. 

Early in the days of electro-chemistry (1805) a hypothesis 
was brought forward by Grothuss to explain a phenomenon 
which had been pointed out by Davy, namely, that the element 
hberated at one pole has not been driven bodily from the 
opposite pole to the one at which it is liberated. As a striking 
proof of this, he caused the current by which " water " was 
electrolysed to pass through his own body ; and it was incon- 
ceivable that the same atom of oxygen, for example, could 
have passed from the negative to the positive pole through his 
organism. Grothuss imagined the atoms to be already charged. 
The atoms of oxygen and hydrogen in the water molecules 
gave up their charges to their respective poles, and escaped ; 
the neighbouring atoms changed partners, those at the end of 
the chain combining with the atoms left without partners. But 
Clausius (1857) disproved Grothuss's theory, which had main- 
tained its ground for over half a century. He pointed out that 
if a certain " force " is required to effect decomposition, no 
decomposition should take place until that force has come into 
operation ; as a matter of fact, however, the smallest conceiv- 
able electric " force " is sufficient to eiifect decomposition of an 
electrolyte. He therefore imagined that in any electrolytic 
solution some of the atoms are continually changing partners, 
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and that they move under the influence of the current at the 
instant when they are unattached, that is, while the exchange 
is taking place. This hypothesis had previously been put 
forward by AVilliamson, with the view of explaining all chemical 
action ; some molecules, he supposed, were always undergoing 
decomposition ; their constituent atoms, or groups, however, 
did not necessarily reunite, but were ready to unite with those 
of other molecules which also had undergone decomposition. 

The relative rate of motion of the ions was first measured 
by Hittorf. Although it had been noticed by Faraday (1834), 
and by Daniell and Miller (1845), that during the electrolysis 
of a salt the salt became more concentrated in the neighbour- 
hood of one pole, and more dilute round the other, it was not 
until 1853 that the true explanation was found by Hittorf in 
the fact that the two ions do not move at an equal rate. If 
they do, there is no such alteration of concentration. But in 
the more numerous cases, where their rate of motion is different, 
the salt concentrates round the pole to which the more rapidly 
moving ion is travelling. 

Hittorf also pointed out that compounds, solutions of which 
are good conductors of electricity, are precisely those bodies 
which are most susceptible of chemical reaction. In later 
years this dictum has proved one of great importance. 

Accurate measurements of the rate of passage of charged 
ions through their solutions were first made by Kohlrausch 
in 1869, with this remarkable result: that the ions move 
independently of one another. Hence the electrical conduc- 
tivity of any salt may be arrived at by the stun of the rates of 
transport of its ions. 

Further progress was made in 1887 by Arrhenius, who 
showed that, on sufficient dilution, all salts arrive at a maximum 
conductivity, of the same order of magnitude ; and he deduced 
from this that, with increasing dilution, a larger and larger 
number of molecules become ionised, i.e. resolved into ions. 
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Indeed, many salts, in fairly concentrated solution, are already 
largely split into ions ; while .acids, on the other hand, even at 
very small concentration, are to some extent in the non-ionised 
form. The reactivity of a salt, he contended, was due to the 
actual number of ions present in unit volume. And van't Hoff 
showed the proportionality between the relative number of 
ions, thus determined electrically, and the osmotic pressure 
which they exert, as well as their influence in raising the boil- 
ing point and depressing the vapour pressure or the freezmg 
point of the solutions which contain them. 

The connection between the amount of energy expended 
electrically in the cell of a battery, and the heat evolved when 
the reaction between the constituents of the cell proceeds with- 
out production of a current, or with a closed circuit, was first 
calculated and experimentally proved by Joule and Thomson 
(Lord Kelvin), the latter of whom summed up the results of the 
investigation in the proposition : The intensity of an electro- 
chemical apparatus is, in absolute measure, equal to the mechanical 
equivalent of as much of the chemical action as occurs by means of 
a current of unit strength, in unit time. But experiments by 
Boscha, Raoult, and others did not always succeed in cor- 
roborating the truth of this assertion. The anomaly was 
explained by Helmholtz, as well as byWillard Gibbs (1878) in 
his great work. The discrepancy was caused by the neglect to 
take into account the temperature-coefficient of the electro- 
motive power of the particular cell employed. If this is small, 
as, for example, in a Daniell's cell, in which zinc is replaced 
by copper, the agreement with Joule and Thomson's statement 
is a close one ; but if it is large, as in many other instances, 
the necessary correction must be introduced in order that 
experiment and theory give the same result. The further 
development of electro-chemistry belongs to the present day, 
and will be thoroughly considered in the volume devoted to 
that subject. 
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The connection of chemical action with light is a subject 
which has attracted much attention, owing to its connection 
with the practical aspect of photography on the one hand, and 
with astronomy on the other, in the form of spectroscopy, 
But even yet few general conclusions have been drawn. 

The fact that silver-salts are alterable by light was 
observed as early as 1727 by Schultze; and Scheele, the 
discoverer of oxygen, observed that this action is due chiefly 
to the violet part of the spectrum (1777). Senebier made 
quantitative experiments in 1784; and Daubeny, in 1836, made 
similar quantitative experiments on the influence of dififerent 
colours of the spectrum on the absorption of carbon by plants. 

It was for long believed that three distinct varieties of 
waves were emitted by luminous bodies ; waves of light, of 
heat, and of chemical action ; but it appears that all waves 
may have all three effects, and that the wave-length of those 
waves which produce the maximum of chemical action depends 
on the kind of chemical action which results from them. Thus, 
while the maximum eifect on plant-life is produced by light of 
such a wave-length that it has also nearly the greatest luminosity, 
the maximum effect in decomposing silver bromide is caused by 
vibrations in the ultra-violet part of the spectrum ; and heat 
effects are produced by vibrations in the infra-red. 

It has been pointed out by Mayer that while, generally 
speaking, the effect of ether waves in promoting chemical 
action is merely that of causing it to start, so that energy is 
lost, the action on living plants is of an opposite character, for 
by its influence energy is stored. The action in the first case 
is one resembling catalysis, and merely increases the rate at 
which chemical action proceeds ; while in the second, the 
radiant energy from the sun is stored by means of the plant as 
chemical energy. 

Many attempts, more or less successful, have been made to 
measure, by the chemical changes produced, the intensity of 
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the radiations which produce these changes ; the best known 
are the researches of Bunsen and Roscoe (1851-1862), and 
Draper (1857). Many more recent researches have, however, 
been made. 

The development of spectroscopy has of recent years been 
very rapid, so far as relates to the measurement of the spectra 
of different substances. Although the refraction of light was 
first explained by Newton, and investigated in the early half of 
the eighteenth century by Brewster, rapid progress was made 
when Kirchhoff discovered, in i860, that all substances emit 
rays of light of the same wave-length as those which they 
absorb. The introduction of the spectroscope as a means 
of analysis by Bunsen and Kirchhoff drew attention to the 
advantage of the study of spectroscopy, and established many 
important laws. The fact that gases made luminous by an 
electric current of high potential could be made to emit 
different kinds of spectra, according to the nature of the 
discharge, was the discovery of Pliicker and Hittorf (1865) ; 
and the fact that each compound, if it can only stand the tem- 
perature at which it emits luminous rays, has its own special 
spectrum was first announced by Mitscherlich in 1869. 

The first theoretical discussion of spectra is due to Maxwell 
(1875); he pointed out that harmonic relations should be 
found between the wave-length of the lines of the spectra of 
any substance. Mascart, Stoney (187 1), and Lecoq de Bois- 
baudran (1889) have shown that such " harmonic relations" 
exist in some cases ; and other authors have sought to establish 
such relations ; the most successful is due to Balmer, whose 
formula has yielded excellent results in the hands of Rydberg, 
Runge and Paschen, Kayser, Lorenz, Zeeman, and others. 

There is, however, a vast unexplored field in spectroscopy ; 
for although the visible waves, as well as those in the ultra- 
violet part of the spectrum, have been investigated in many 
instances, the infra-red waves have been hardly looked for. 
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Langley, indeed, has measured the lines in the infra-red part 
of the solar-spectrum by means of his " bolometer," an instru- 
ment capable of detecting very minute differences of tempera- 
ture ; but this instrument has been little applied to the spectra 
emitted by gases or by hot solids. 

Speculations regarding the reason of chemical combination 
date from the earliest times. The word " affinity," or " chemical 
affinity," calls us back to the time of Hippocrates, whose view 
was that " like draws to like ; " that substances which combine 
must have something in common, like wine and water, silver 
and gold. As solution and mixture passed in those days for 
combination, there was some reason for his dictum. Empe- 
docles, the first atomist, held a different view, founded on 
imaginary hates and loves between the atoms. In the Middle 
Ages, even quainter ideas are to be met with ; that the particles 
of the acid solvents are sharp, like needles or spears, and that 
they transfix and support the particles of dissolved metal ; 
that sweet liquids are sweet, because of the rounded form of 
their ultimate particles; and that they therefore have not a 
similar solvent action. With Newton a new view arose. He 
himself did not believe that affinity was due to an attraction 
identical with that of gravitation ; but leant to the view that the 
force varied inversely with some higher power of the distance 
than the square. But Buffon, the French naturalist, in spite of 
Newton's well-considered thought, supposed that the form of 
the objects attracting — the ultimate particles — could make it 
possible that the laws of the inverse square held for chemical 
attraction ; and his views were widely disseminated and 
accepted. 

Davy's and Berzelius's electro-chemical theories have 
already been alluded to, and need not be further discussed here. 

Attempts to arrange qualitatively the order of affinity of the 
elements for each other were frequently made in the eighteenth 
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century. As early as 1718, GeofFroy arranged in order various 
chemical substances (for elements in the modem sense of the 
word were even then not recognized) in the order of what he 
supposed to be their affinity for each other. For instance, 
under " metallic substances " we find the order — iron, copper, 
lead, mercury, silver, as regards their affinity for nitric acid ; and 
for vitriolic acid the order was — sulphurous or oilyprinciple, fixed 
alkali, volatile alkali, absorbent earth (i.e. calcium carbonate), 
iron, copper, silver, and so on. The idea which guided him he 
expressed thus : " Whenever two substances, which have some 
inclination to combine, are combined with each other, and a 
third is presented to them which has more affinity to one of 
the two than the other, that other is expelled." The same 
idea was fully elaborated by Torbjorn Bergmann in 1783. He 
distinguished between various kinds of attraction : for example, 
particles of the same kind were held together by attractio aggre- 
gationis ; compounds remained compounds by virtue of attractio 
compositionis, which might be of two kinds, according as they 
had been prepared in solution {attractio solutionis) or by 
fusion {attractio ftcsionis). Simple expulsion of one constituent 
out of a compound by the action of another was due to attractio 
simplex electiva ; while exchange between the constituents of 
two compounds was caused by attractio duplex. Attempts not 
merely to determine the order, but also the relative amount of 
such affinities, were made by De Morveau (1793) j '^^ attempted 
to ascertain the relative affinities of metals for mercury by 
measuring the weights required to separate plates of a number 
of metals of the same size from a surface of mercury, and 
concluded that as adhesion and affinity must be fundamentally 
the same, he was measuring relative affinity. He also gave 
six laws of affinity : that only liquids act ; that affinity takes 
place only between the smallest particles of substance ; that 
the affinity between any two substances is partly conditioned 
by the relative amount of each ; that chemical affinity acts only 
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if it can overcome cohesion ; that compounds differ entirely in 
properties from their constituents ; and that afifinity is greatly 
influenced by temperature. 

We have here a statement that the relative amounts of 
substance present influence their behaviour as regards a third. 
This law was originally stated by Wenzel in 1777, in this 
form : The affinities of bodies for a common solvent are 
inversely as their rates of solution in that solvent ; also, that 
the strength Of chemical action is proportional to the concen- 
tration of the acting material. Coilnt Berthollet, independently 
of Wenzel, enunciated the same doctrine in 1799, and stated 
clearly that it was impossible, as Bergmann had attempted, to 
arrange substances in a definite order of chemical affinity, but 
that the affinity was deeply affected by the relative amounts of 
substances present. He succeeded in reversing the actions 
which had hitherto been supposed to decide the order of 
chemical affinity : for example, he decomposed barium sulphate 
by boiling potash ; potassium sulphate by boiling milk of lime ; 
calcium oxalate by nitric acid, and so on. Although in each 
case only a partial decomposition was attained, yet that 
decomposition occurred at all was regarded by him as a proof 
that a large quantity of a reagent could reverse the order of 
chemical affinity. He regarded these reversed actions to be due 
to the small surface of the precipitate, compared with the large 
and constantly renewed surface of the acting liquid ; so that when 
a liquid acts on a solid, the activity of the liquid is conditioned 
not by its total amount, but by the degree of its concentration ; 
and similarly for gases. For when a gas is liberated by any 
reaction, it removes itself, and can no longer act on the dis- 
solved substances; hence a comparatively small quantity of 
reagent is capable of liberating a large quantity of gas. The 
. elasticity of the gas may be regarded as a force acting in 
opposition to the affinities of liquids. Combination may be 
either helped or hindered by a rise of temperature ; helped, if 
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the rise of temperature so diminishes the cohesion of the acting 
substances as to increase chemical action ; hindered, if one 
of the substances changes its state by the rise of temperature 
and removes itself from the sphere of action. The action of 
solvents is in reality the overcoming of cohesion, so that the 
affinities of the dissolved substances can manifest themselves. 

It is thus evident that Berthollet's ideas on the measurement 
of chemical affinity differed in important respects from those 
of his predecessors. According to him, at least one of the 
reacting substances must separate, in order that a reaction shall 
take place ; the state of equilibrium is thus destroyed, and the 
reaction proceeds until so much of one or other substance 
separates as to restore the balance. 

But Berthollet was misled into making the false statement 
that the composition of compounds may vary within limits, and 
that the proportion of the constituents of each compound 
depends on the relative proportion in which the constituents 
are present during the process of its formation. Proust, a 
countryman of Berthollet's, refuted Berthollet's statement by 
direct experiment, and showed that the supposed compounds 
on which Berthollet based his contention were not really 
definite compounds, but mixtures. The definite and invariable 
composition of chemical compounds, as has been already stated, 
was fixed by Dalton and by Berzelius. 

While, then, it is true that the relative amount of a com- 
pound formed during any reaction is conditioned by the 
proportions of the reacting substances present, it does not 
follow that the composition of the compound itself is thus 
aftected ; nor is it true, as Berthollet fancied, that the relative 
affinities of acids are to be gauged by the relative amounts 
required to saturate a given base, ^^'hile Gay-Lussac saw this 
error, he defended Berthollet's main contention, and maintained 
that the partition of acids with a base sufficient to saturate only 
one of them was aff"ected by the relative amounts of the acids 
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present. But the difference between altering the relative amount 
of a compound formed and altering the composition of the 
compound is a fundamental one. 

Berthollet's work, Essai dc Statique Chimique, was conse- 
quently soon forgotten; and it was not until 1835 that the 
question was revived by Persoz, Professor at Strassburg, who 
attempted to give a table analogous to Bergmann's of the relative 
affinity of oxides for acids. And Berthollet's views were 
resuscitated for analytical purposes by Rose in 1842, and later, 
in 1853, by Bunsen. Bunsen exploded a mixture of hydrogen 
and carbon monoxide with an amount of oxygen insufficient 
for both, and concluded that instead of a gradual progression 
in the proportions of water vapour and carbon dioxide pro- 
duced, the ratio remained definite until a certain excess of 
oxygen was present, and that it then altered suddenly ; so that 
there was always a. definite molecular proportion between the 
amounts of the two products of oxidation. Similar results were 
obtained by his assistant Debus, in precipitating carbonates of 
calcium and barium by the action of carbon dioxide or their 
hydroxides. But these experiments were subsequently proved 
to be erroneous. 

The law of " mass-action," although foreshadowed by re- 
searches of Biot (1835) w^s first stated in precise terms by 
Wilhelmy in 1850. In order to examine the state of equi- 
librium in any system, it is clear that the conditions must not 
be changed : for example, the solution must not be concen- 
trated by evaporation ; nor must other substances be added ; 
nor must the temperature be altered ; nor must the solvent be 
changed, as, for example, by the addition of alcohol to an 
aqueous solution ; hence some physical property must be made 
use of, which shall reveal the result of the change which has 
taken place, without disturbing equilibrium. 

For this purpose Wilhelmy made use of the rotation of the 
plane of polarized light caused by cane-sugar, and by its products 
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of decomposition on treatment with an acid, dextrose and levu- 
lose. In this way the rate of change could be measured with- 
out the introduction of any foreign substance. This law and 
its consequences will be fully considered in the volume on 
chemical dynamics. In 1855, J. H. Gladstone made use of 
the colours of solutions of reacting substances and their 
products to investigate the position of equilibrium, and in one 
instance lie employed the rotation of polarized light ; and to him 
belongs the credit of pointing out that after this manneT tables 
of relative afifinity could be constructed. Bertbelot and Pdan 
de St. Gilles, in 1862 and 1863, in investigating the action of 
acids on alcohols, which is attended with the formation of 
esters, did much to elucidate the nature of chemical action. 
They showed that the action is a gradual one ; that it is never 
complete, but that the amount of ester formed tends towards a 
limiting value ; and that this limit is the same, whether it be 
reached by the action of acid on alcohol, or of water on ester. 
They also showed that the rate of action, but not the limit, was 
greatly increased by rise of temperature, and that pressure 
has little influence on the process. Their conclusion agreed 
with that of Wilhelmy, that the quantity of ester formed at 
any moment is proportional to the product of the acting 
masses, and inversely proportional to the volume they occupy. 
About this date (1857) Deville began to publish his results 
of experiments on dissociation, which have already been 
alluded to. He drew an analogy between the temperature of 
dissociation of a compound and the boiling point of a liquid ; 
or, to be more precise, the pressure exercised by a gaseous 
constituent of the dissociating body at a given temperature, 
and the pressure exerted by the vapour of a liquid at a "iven 
temperature. With rise of temperature, vapour pressure 
increases ; and similarly with rise of temperature the pressure 
due to dissociation increases. Curiously enough, however 
Deville was against the theory of mass-action ; and yet his 
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experiments furnish one of the most striking proofs of the 
justice of that doctrine. 

The first attempt to determine the vaJue of chemical 
affinity by help of the then recently developed ideas of thermo- 
dynamics is due to Julius Thomson, of Copenhagen (1854). 
Defining " affinity " as that force which holds together the 
constituents of a compound, he believed that it was possible to 
measure the amount of th&t force by measuring the /leat ^wohi^d. 
in, a reaction by which the body was formed, which would be 
equivalent to the heat required to decompose the body — that 
is, he thought it possible to measure s. force in terms of an energy. 
He also believed that all chemical changes which take place 
spontaneously, or after being started, are necessarily accom- 
panied by an evolution of heat. It is true that he was acquainted 
with changes, such as the solution of salts in water, which were 
attended by absorption, and not evolution of heat; but he 
attempted to explain away such cases by premising that it was 
only purely chemical actions which were attended by evolution 
of heat. 

In 1867, Berthelot independently announced the same 
principle ; and a somewhat heated discussion between "Thomsen 
and Berthelot took place in 1873, as to claims of priority and 
as to the exact nature of the statement involved, which need 
not be further pursued, inasmuch as the matter in dispute was 
a false statement. 

But the question had been solved by Waage, forrper Pro- 
fessor of Chemistry, and Guldberg, Professor of Mathematics, at 
Chrisljania, \vho published, in 1865, a pamphlet termed Etudes 
sur les Affinit'es chimiques. The fundamental idea of this work 
was the law of mass-action : that the chemical action is propor- 
tionalto the qnantities of substances acting; the last being deter- 
mined by the amounts in imit volume. If two substances act on 
each other, the action is proportional, to the relative amount of 
each, and will be zero if the amounts of acting bodies is zero. 
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and therefore it is proportional to the product of the two. 
Further, the action will depend on the nature of the substances, 
on the temperature, and on other circumstances ; these influ- 
ences can be expressed by a factor, hence the " force " of the 
chemical affinity can be represented by the expression kpq, if 
k is the factor, and / and q are the acting masses. But this 
action is balanced by forces acting in opposition to the forma- 
tion of the new system, which tend to restore the primary con- 
dition of the substances. If the substances formed by the 
original reaction are /' and ^', and the new factor U, equilibrium 
will be established when kpq = Vp'(i. Although it is not pos- 
sible to calculate the actual amount of the " chemical forces,'' 
it is possible to calculate their ratio, by knowing the position 
of equilibrium, when the reaction has gone as far as it will, 
under a given set of conditions. The actual result of such calcu- 
lations is, however, to give the relative velocities of chemical 
reactions; and van't Hoff, in 1877, pointed out that it is suffi- 
cient to confine attention to such velocities, and not to ascribe 
the velocities to an impelling force, and thereby to introduce 
mechanical ideas which are unnecessary for the purpose. 
Guldberg and AVaage proved their thesis by many experimental 
researches; while in 1869 Julius Thomsen had shown that the 
problem can be solved by thermochemical measurements. 
Ostwald, in 1876, made quantitative measurements of volume- 
changes during reactions, which also affiDrded data for the proof 
of the law. 

Horstmann was the first to apply thermodynamics to 
chemical processes (1869), treating first the problems of dis- 
sociation. The similarity between dissociation and vapour 
pressure makes it possible to treat the former in the same 
manner as the latter, because both classes of reaction are 
reversible. Berthelot's and Thomsen's law, implying that that 
change necessarily takes place which is accompanied by a dis- 
sipation of energy, was replaced by another : that of all possible 
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systems that one is most stable in which the entropy is at its 
maximum. The consideration of this doctrine will be found 
in the volume on Thermodynamics. This principle was 
later announced by Lord Rayleigh. The most remarkable 
advance in this direction, however, is due to Willard Gibbs 
(1874-1878). It is hardly too much to say that all subsequent 
advances are merely applications and variations of Gibbs's 
fundamental considerations. In his epoch-making work, Gibbs 
treats of the chemical potential of a substance, of coexisting 
phases of matter, of cases of mixture of ideal gases as regards 
their eqviilibrium with liquids and solvents, or with solids, of 
surface-tension, and of electric action between bodies. 

In van't Hoff's Etudes de dynamique chimique (1884), 
numerous instances are adduced of the application of the laws 
of chemical dynamics, and the influence of temperature was 
especially studied. And after Arrhenius of Stockholm had 
brought out his theory of the independent existence of ions 
in solutions (1884), van't Hoff in 1887, as has already been 
narrated, drew deductions from measurements of osmotic 
pressure by de Vries and by Pfeffer, of the depression of 
vapour pressure and of rise of boiling point of solvents caused 
by dissolved substance, and of lowering of freezing points 
investigated by Raoult, and of Arrhenius's determinations of 
electric conductivity, and welded all these ideas into a homo- 
geneous whole. 

The present volume, which forms the first of the series of 
works dealing with physical chemistry which it is proposed to 
publish, treats of the Phase Rule, one of the subjects treated of 
by Willard Gibbs, in which many of the considerations touched 
on in the foregoing pages are introduced. 

It is proposed, in subsequent volumes, to treat of Stoichio- 
metry, or the various methods employed to determine atomic 
and molecular weights, and the classification of compounds 
(Professor Sydney Young, D.Sc, F.R.S.) ; of the Relations 
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between Chemical Constitution and Pliysical Properties (Samuel 
Smiles, D.Sc.) ; Electrorchemistry (R. A. Lehfeldt, D.Sc.) ; of 
Spectroscopy (E. C. C. Baly, F.I.C.); of Thermodynamics 
(F. G. Donnan, M.A., Ph.D.) ; and of Chemical Dynamics 
(J. W. Mellor, D.Sc). In these volumes the main divisions 
of the subject will be covered, while each will be as com- 
plete a treatise in itself as is possible, without undue over- 
lapping. In each the subject will be brought up to the date of 
the latest discovery ; apd although it is, of course, impossible to 
avoid compilation, original papers will be the chief sources of 
information ; while each of the authors has special knowledge 
of the branch of which his work treats. It is hoped that these 
volumes will be published at short intervals ; and if there is 
found to be a sufficient demand for them, it will be possible to 
issue frequent new editions, so as to keep abreast of a vast 
subject, which is progressing at a rate hitherto unknown in the 
history of Qhemistry. 



THE PHASE RULE 



CHAPTER I 

INTRODUCTION 

General. — Before proceeding to the more systematic treat- 
ment of the Phase Rule, it may, perhaps, be not amiss to give 
first a brief forecast of the nature of the subject we are about 
to study, in order that we may gain some idea of what the 
Phase Rule is, of the kind of problem which it enables us to 
solve, and of the scope of its application. 

It has long been known that if water is placed in a closed, 
exhausted space, vapour is given off and a certain pressure is 
created in the enclosing vessel. Thus, when water is placed 
in the Torricellian vacuum of the barometer, the mercury is 
depressed, and the amount of depression increases as the tem- 
perature is raised. But, although the pressure of the vapour 
increases as the temperature rises, its value at any given tem- 
perature is constant, no matter whether the amount of water 
present or the volume of the vapour is great or small ; if the 
pressure on the vapour is altered while the temperature is 
maintained constant, either the water or the vapour will ulti- 
mately disappear; the former by evaporation, the latter by 
, condensation. At any given temperature within certain limits, 
therefore, water and vapour can exist permanently in contact 
with one another — or, as it is said, be lin equilibrium with one 
another — only when the pressure has a certain definite value. 
The same law of constancy of vapour pressure at a given 

B 
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temperature, quite irrespective of the volumes of liquid and 
vapour,' holds good also in the case of alcohol, ether, benzene, 
and other pure liquids. It is, therefore, not unnatural to ask 
the question. Does it hold good for all liquids ? Is it valid, 
for example, in the case of solutions ? 

We can find the answer to these questions by studying the 
behaviour of a solution — say, a solution of common salt in 
water — when placed in the Torricellian vacuum. In this case, 
also, it is observed that the pressure of the vapour increases 
as the temperature is raised, but the pressure is no longer 
independent of the volume ; as the volume increases, the 
pressure slowly diminishes. If, however, solid salt is present 
in contact with the solution, then the pressure again becomes 
constant at constant temperature, even when the volume of the 
vapour is altered. As we see, therefore, solutions do not 
behave in the same way as pure liquids. 

Moreover, on lowering the temperature of water, a point is 
reached at which ice begins to separate out ; and if heat be 
now added to the system or withdrawn from it, no change 
will take place in the temperature or vapour pressure of the 
latter until either the ice or the water has disappeared.^ Ice, 
water, and vapour, therefore, can be in equilibrium with one 
another only at one definite temperature and one definite 
pressure. 

In the case of a solution of common salt, however, we may 
have ice in contact with the solution at different temperatures 
and pressures. Further, it is possible to have a solution 
in equilibrium not only with anhydrous salt (NaCl), but also 
with the hydrated salt (NaCl, 2H0O), as well as with ice, and 
the question, therefore, arises : Is it possible to state in a 
general manner the conditions under which such different 
systems can exist in equilibrium ; or to obtain some insight 

' Except when the volume of the liquid becomes exceedingly small, 
in which CEise the surface tension exerts an influence on the vapour 
pressure. 

^ For reasons which will appear later(Chap. IV.), the volume of the 
vapour is supposed to be large in comparison with that of the solid and 
liquid. 
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into the relations which exist between pure liquids and solu- 
tions? As we shall learn, the Phase Rule enables us to give 
an answer to this question. 

The preceding examples belong to the class of so-called 
" physical " equilibria, or equilibria depending on changes in 
the physical state. More than a hundred years ago, however, 
it was shown by Wenzel and BerthoUet that " chemical " equi- 
libria can also exist ; that chemical reactions do not always 
take place completely in one direction as indicated by the 
usual chemical equation, but that before the reacting substances 
are all used up the reaction ceases, and there is a condition 
of equilibrium between the reacting substances and the pro- 
ducts of reaction. As an example of this, there may be taken 
the process of lime-burning, which depends on the fact that 
when calcium carbonate is heated, carbon dioxide is given off 
and quicklime is produced. If the carbonate is heated in a 
closed vessel it will be found, however, not to undergo entire 
decomposition. When the pressure of the carbon dioxide 
reaches a certain value (which is found to depend on the tem- 
perature), decomposition ceases, and calcium carbonate exists 
side by side with calcium oxide and carbon dioxide. More- 
over, at any given temperature the pressure is constant and 
independent of the amount of carbonate or. oxide present, or 
of the volume of the gas ; nor does the addition of either of tlu 
products of dissociation, carbon dioxide or calcium oxide, cause 
any change in the equilibrium. Here, then, we see that, although 
there are three different substances present, and although 
the equilibrium is no longer due to physical, but to chemical 
change, it nevertheless obeys the same law as the vapour 
pressure of a pure volatile liquid, such as water. 

It might be supposed, now, that this behaviour would be 
shown by other dissociating substances, e.g. ammonium chloride. 
When this substance is heated it dissociates into ammonia and 
hydrogen chloride, and at any given temperature the pressure 
of these gases is constant,^ and is independent of the amounts 
of solid and gas present. So far, therefore, ammonium chloride 
behaves like calcium carbonate. If, however, one of the 
' Ramsay and Young, Phil. Trans., 1886, 177. 87. 
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products of dissociation be added to the system, it is found 
that the pressure is no longer constant at a given temperature, 
but varies with the amount of gas, ammonia or hydrogen 
chloride, which is added. In the case of certain dissociating 
substances, therefore, addition of one of the products of dis- 
sociation alters the equilibrium, while in other cases it does not. 
With the help of the Phase Rule, however, a general interpre- 
tation of this difference of behaviour can be given — an inter- 
pretation which can be applied not only to the two cases cited, 
but to all cases of dissociation. 

Again, it is well known that sulphur exists in two different 
crystalline forms, octahedral and prismatic, each of which melts 
at a different temperature. The problem here is, therefore, 
more complicated than in the case of ice, for there is now a 
possibility not only of one solid form, but of two different 
forms of the same substance existing in contact with liquid. 
What are the conditions under which these two forms can exist 
in contact with liquid, either singly or together, and under what 
conditions can the two solid forms exist together without the 
presence of liquid sulphur ? To these questions an answer can 
also be given with the help of the Phase Rule. 

These cases are, however, comparatively simple ; but when 
we come, for instance, to study the conditions under which 
solutions are formed, and especially when we inquire into the 
solubility relations of salts capable of forming, perhaps, a 
series of crystalline hydrates ; and when we seek to Jeter- 
mine the conditions under which these diflerent forms can 
exist in contact with the solution, the problem becomes more 
complicated, and the necessity of sofne general guide to the 
elucidation of the behaviour of these different systems becomes 
more urgent. 

It is, now, to the study of such physical and chemical equi- 
libria as those above-mentioned that the Phase Rule finds 
application ; to the study, also, of the conditions regulating, for 
example, the formation of alloys from mixtures of the fused 
metals, or of the various salts of the Stassfurt deposits : the 
behaviour of iron and carbon in the formation of steel and the 
separation of different minerals from a fused rock-mass. ^Vith 
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the help of the Phase Rule we can group together into classes 
the large number of different isolated cases of systems in 
equilibrium; with its aid we are able to state, in a general 
manner at least, the conditions under which a system can be 
in equilibrium, and by its means we can gain some insight into 
the relations existing between different kinds of systems. 

Homogeneous and Heterogeneous Equilibrium. — Before 
passing to the consideration of this generalization, it will be 
well to first make mention of certain restrictions which must 
be placed on its treatment, and also of the limitations to which 
it is subject. If a system is uniform throughout its whole 
extent, and possesses in every part identical physical properties 
and chemical composition, it is called homogeneous. Such is, 
for example, a solution of sodium chloride in water. An equi- 
librium occurring in such a homogeneous system (such as the 
equilibrium occurring in the formation of an ester in alcoholic 
solution) is called homogeneous equilibrium. If, however, the 
system consists of parts which have different physical properties, 
perhaps also different chemical properties, and which are 
marked off ind separated from one another by bounding 
surfaces, the system is said to be heterogeneous. Such a system 
is formed by ice, water, and vapour, in which the three portions, 
each in itself homogeneous, can be mechanically separated 
from one another. When equilibrium exists between different, 
physically distinct parts, it is known as heterogeneous equilibrium. 
It is, now, with heterogeneous equilibria, with the conditions 
under which a heterogeneous system can exist, that we shall 
deal here. 

Further, we shall not take into account changes of equi- 
librium due to the action of electrical, magnetic, or capillary 
forces, or of gravity ; but shall discuss only those which are 
due to changes of pressure, temperature, and volume (or con- 
centration). 

Real and Apparent Equilibrium. — In discussing equi- 
libria, also, a distinction must be drawn between real and 
apparent equilibria. In the former case there is a state of 
rest which undergoes continuous change with change of the 
conditions {e.g. change of temperature or of pressure), and for 
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which the chief criterion is that the same condition of equilibrium 
is reached from whichever side it is approacJud. Thus in the 
case of a solution, if the temperature is maintained constant, 
the same concentration will be obtained, no matter whether we 
start with an unsaturated solution to which we add more solid, 
or with a supersaturated solution from which we allow solid to 
crystallize out ; or, in the case of water in contact with vapour, 
the same vapour pressure will be obtained, no matter whether 
we heat the water up to the given temperature or cool it down 
from a higher temperature. In this case, water and vapour 
are in real equilibrium. On the other hand, water in contact 
with hydrogen and oxygen at the ordinary temperature is a 
case only of apparent equilibrium ; on changing the pressure 
and temperature continuously within certain limits there is no 
continuous change observed in the relative amounts of the two 
gases. On heating beyond these limits there is a sudden and 
not a continuous change, and the system no longer regains its 
former condition on being cooled to the ordinary temperature. 
In all such cases the system may be regarded as undergoing 
change and as tending towards a state of true or real equi- 
librium, but with such slowness that no change is observed. 

Although the case of water in contact with hydrogen and 
oxygen is an extreme one, it must be borne in mind that the 
condition of true equilibrium may not be reached instantan- 
eously or even with measurable velocity, and in all cases it is 
necessary to be on one's guard against mistaking apparent (or 
false) for real (or true) equilibrium. The importance of this 
will be fully illustrated in the sequel. 
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THE PHASE RULE 

Although the fact that chemical reactions do not take place 
completely in one direction, but proceed only to a certain 
point and there make a halt, was known in the last quarter of 
the eighteenth century (Wenzel, 1777 ; Berthollet, 1799); and 
although the opening and subsequent decades of the following 
century brought many further examples of such equilibria to our 
knowledge, it was not until the last quarter of the nineteenth 
century that a theorem, general in its application and with 
foundations weakened by no hypothetical assumptions as to 
the nature or constitution of matter, was put forward by Willard 
Gibbs ; ^ a generalization which serves at once as a golden rule 
by which the condition of equihbrium of a system can be tested, 
and as a guide to the similarities and dissimilarities existing 
in different systems. 

Before that time, certainly, attempts had been made to 
bring the different known cases of equilibria — chemical and 
physical— under general laws. From the very first, both 
Wenzel ^ and Berthollet ^ recognized the influence exercised by 
the mass of the substances on the equilibrium of the system. 
It was reserved, however, for Guldberg and Waage, by their 
more general statement and mathematical treatment of the Law 
of Mass Action,^ to inaugurate the period of quantitative study 
of equilibria. The law which these investigators enunciated 

' Trans. Connecticut Acad., 1874-1878. 

' Lehre von der chemischen Verwandtschaft der Korper, 1777. 
^ See Ostwald's Klassikci-, No. 74. 

■■ Etudes sur les affinites chimiques, 1867 ; Ostwald's Klassiker, No. 
104. 
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served satisfactorily to summarize the conditions of equilibrium 
in many cases both of homogeneous and, with the help of 
certain assumptions and additions, of heterogeneous equi- 
librium. By reason, however, of the fact that it was developed 
on the basis of the kinetic and molecular theories, and involved, 
therefore, certain hypothetical assumptions as to the nature and 
condition of the substances taking part in the equilibrium, the 
law of mass action failed, as it necessarily must, when applied 
to those systems in which neither the number of different 
molecular aggregates nor the degree of their molecular com- 
plexity was known. 

The Phase Rule. — Ten years after the law of mass action 
was propounded by Guldberg and Waage, Willard Gibbs,^ 
Professor of Physics in Yale University, showed how, in a per- 
fectly general manner, free from all hypothetical assumptions 
as to the molecular condition of the participating substances, 
all cases of equilibrium could be surveyed and grouped into 
classes, and how similarities in the behaviour of apparently 
different kinds of systems, and differences in apparently similar 
systems, could be explained. 

As the basis of his theory of equilibria, Gibbs adopted the 
laws of thermodynamics,^ a method of treatment which had 
first been employed by Horstmann.^ In deducing the law of 
equiUbrium, Gibbs regarded a system as possessing only three 
independently variable factors * — temperature, pressure, and 
the concentration of the components of the system — and he 
enunciated the general theorem now usually known as the 
Phase Rule, by which he defined the conditions of equilibrium 
as a relationship between the number of what are called the 
phases and the components of the system. 

Phases. — Before proceeding farther we shall first consider 
what exactly is meant by the terms phase and component. We 
have already seen (p. 5) that a heterogeneous system is made 

' Died April, 1903. 

^ For a mathematical treatment of the Phase Rule the reader is referred 
to the volume in this series on Thermodynamics, by Dr. F. G. Donnan. 
= Liebig's Annalen, 1873, 170, 192 ; Ostwald, Lehrbuch, II. 2. iii. 
* The action of gravity and other forces being excluded (see p. 5). 
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up of different portions, each in itself homogeneous, but marked 
off in space and separated from the other portions by bounding 
surfaces. These homogeneous, physically distinct and mechani- 
cally separable portions are called phases. Thus ice, water, 
and vapour, are three phases of the same chemical substances- 
water. A phase, however, whilst it must be physically and 
chemically homogeneous, need not necessarily be chemically 
simple. Thus, a gaseous mixture or a solution may form a 
phase ; but a heterogeneous mixture of solid substances consti- 
tutes as many phases as there are substances present. Thus 
when calcium carbonate dissociates under the influence of heat, 
calcium oxide and carbon dioxide are formed. There are then 
two solid phases present, viz. calcium carbonate and oxide, and 
one gas phase, carbon dioxide. 

The number of phases which can exist side by side may vary 
greatly in different systems. In all cases, however, there can 
be but one gas or vapour phase on account of the fact that all 
gases are miscible with one another in all proportions. In 
the case of liquid and solid phases the number is indefinite, 
since the above property does not apply to them. The 
number of phases which can be formed by any given substance 
or group of substances also differs greatly, and in general 
increases with the number of participating substances. Even 
in the case of a single substance, however, the number may be 
considerable ; in the case of sulphur, for example, at least eight 
different solid phases are known {v. Chap. III.). 

It is of importance to bear in mind that equilibrium is 
independent of the amounts of the phases present.' Thus it is 
a familiar fact that the pressure of a vapour in contact with a 

^ It may seem as if this were a contradiction to what was said on p. 4 
as to the effect of the addition of ammonia or hydrogen chloride to the 
system constituted by solid ammonium chloride in contact with its products 
of dissociation. There is, however, no contradiction, because in the case 
of ammonium chloride the gaseous phase consists of ammonia and hydrogen 
chloride in equal proportions, and in adding ammonia or hydrogen chloride 
alone we are not adding the gaseous phase, but only a constituent of it. 
Addition of ammonia and hydrogen chloride together in the proportions 
in which they are combined to form ammonium chloride would cause no 
change in the equilibrium. 
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liquid (/>. the pressure of the saturated vapour) is unaffected 
by the amounts, whether relative or absolute, of the liquid and 
vapour; also the amount of a substance dissolved by a liquid 
is independent of the amount of solid in contact with the 
solution. It is true that deviations from this general law occur 
when the amount of liquid or the size of the solid particles is 
reduced beyond a certain point,' owing to the influence of 
surface energy; but we have already (p. s) excluded such 
cases from consideration. 

Components. — Although the conception of phases is one 
which is readily understood, somewhat greater difficulty is 
experienced when we come to consider what is meant by the 
term component ; for the components of a system are not syno- 
nymous with the chemical elements or compounds present, 
i.e. ^^•ith the co9istituents of the system, although both elements 
and compounds may be components. By the latter term there 
are meant only those constituents the concentration of which 
can undergo independent variation in the different phases, and 
it is only with these that we are concerned here.^ 

To understand the meaning of this term we shall consider 
briefly some cases with which the reader will be familiar, and 
at the outset it must be emphasized that the Phase Rule is 
concerned merely with those constituents which take part in 
the state of real equilibrium (p. 5) ; for it is only to the final 
state, not to the processes by which that state is reached, that 
the Phase Rule applies. 

Consider now the case of the system water — vapour or ice — 
water — vapour. The number of constituents taking part in the 
equilibrium here is only one, viz. the chemical substance, water. 
Hydrogen and oxygen, the constituents of water, are not to be 
regarded as components, because, in the first place, they are 

' The vapour pressure of water in small drops is greater than that of 
water in mass, and the solubility of a solid is greater when in a state of 
fine subdivision than when in large pieces [cf. Hulett, Zeitschy. physikal. 
C/n-m., 1901, 37. 385). 

2 See Ostwald, Lchrbiuh, II. 2. 476, 934 ; Roozeboom, Zcitschr. 
physikal. C/icm., 1894, 15. 150 ; Heterogenc Gkichgewichtc, I. p. 16 ; Weg- 
scheider, Zeihchr. physikal. Chctii., 1903, 43. 89. 
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not present in the system in a state of real equilibrium (p. 6) ; 
in the second place, they are combined in definite proportions 
to form water, and their amounts, therefore, cannot be varied 
independently. A variation in the amount of hydrogen neces- 
sitates a definite variation in the amount of oxygen. 

In the case, already referred to, in which hydrogen and 
oxygen are present along with water at the ordinary tempe- 
rature, we are not dealing with a condition of true equi- 
librium. If, however, the temperature is raised to a certain 
point, a state of true equilibrium between hydrogen, oxygen, 
and water- vapour will be possible. In this case hydrogen and 
oxygen will be components, because now they do take part 
in the equilibrium ; also, they need no longer be present in 
definite proportions, but excess of one or the other may be 
added. Of course, if the restriction be arbitrarily made that 
the free hydrogen and oxygen shall be present always and only 
in the proportions in which they are combined to form water, 
there will be, as before, only one component, water. From 
this, then, we see that a change in the conditions of the ex- 
periment (in the present case a rise of temperature) may 
necessitate a change in the number of the components. 

It is, however, only in the case of systems of more than one 
component that any difficulty will be found ; for only in this case 
will a choice of components be possible. Take, for instance, 
the dissociation of calcium carbonate into calcium oxide and 
carbon dioxide. At each temperature, as we have seen, there 
is a definite state of equilibrium. When equilibrium has been 
established, there are three different substances present — 
calcium carbonate, calcium oxide, and carbon dioxide ; and 
these are the constituents of the system between which equi- 
librium exists. Now, although these constituents take part in 
the equilibrium, they are not all to be regarded as components, 
for they are not mutually independent. On the contrary, 
the different phases are related to one another, and if two 
of these are . taken, the composition of the third is defined by 
the equation 

CaCOs = CaO + CO, 
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Now, in deciding the number of components in any given 
system, not only must the constituents chosen be capable of 
independent variation, but a further restriction is imposed, and 
we obtain the following rule : As the co7nponeiits of a system 
there are to be chosen tJie smallest number of independently variable 
constituents by means of which the composition of each phase par- 
ticipating in the state of equilibrium can be expressed in the form 
of a chemical equation. 

Applying this rule to the case under consideration, we see 
that of the three constituents present when the system is in 
a state of equilibrium, only two, as already stated, are inde- 
pendently variable. It will further be seen that in order to 
express the composition of each phase present, two of these 
constituents are necessary. The system is, therefore, one of 
two components, or a system of the second order. 

When, now, we proceed to the actual choice of components, 
it is evident that any two of the constituents can be selected. 
Thus, if we choose as components CaCOs and CaO, the com- 
position of each phase can be expressed by the following 
equations : — 

CaCO,, = CaCO:, -f oCaO 
CaO = CaO + oCaCO. 
C0.2 = CaCOs - CaO 

As we see, then, both zero and negative quantities of the 
components have been introduced ; and similar expressions 
would be obtained if CaCO:, and COo were chosen as com- 
ponents. The matter can, however, be simplified and the use 
of negative quantities avoided if CaO and CO., are chosen; 
and it is, therefore, customary to select these as the com- 
ponents. 

While it is possible in the case of systems of the second 
order to choose the two components in such a way that the 
composition of each phase can be expressed by positive quan- 
tities of these, such a choice is not always possible when deal- 
ing with systems of a higher order (containing three or four 
components). 

From the example which has just been discussed, it might 
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appear as if the choice of the components was rather arbitrary. 
On examining the point, however, it will be seen that the ar- 
bitrariness affects only the nature, not the number, of the com- 
ponents ; a choice could be made with respect to which, not to 
how many, constituents were to be regarded as components. 
As we shall see presently, however, it is only the number, not 
the nature of the components that is of importance. 

After the Idiscussion of the conditions which the substances 
chosen as components must satisfy, another method may be 
given by which the number of components present in a system 
can be determined. Suppose a system consisting of several 
phases in equilibrium, and the composition of each phase 
determined by analysis. If each phase present, regarded as a 
whole, has the same composition, the system contains only one 
component, or is of the first order. If two phases must be 
mixed in suitable quantities in order that the composition of a 
third phase may be obtained, the system is one of two com- 
ponents or of the second order ; and if three phases are neces- 
sary to give the composition of a fourth coexisting phase, the 
system is one of three components, or of the third order. ^ 

Although the examples to be considered in the sequel will 
afford sufficient illustration of the application of the rules given 
above, one case may perhaps be discussed to show the appli- 
cation of the method just given for determining the number of 
components. 

Consider the system consisting of Glauber's salt in equi- 
librium with solution and vapour. If these three phases are 
analyzed, the composition of the solid will be expressed by 
Na^SOj, loHoO ; that of the solution by Na^SOj -|- xYijd, while 
the vapour phase will be HjO. The system evidently cannot 
be a one-component system, for the phases have not all the 
same composition. By varying the amounts of two phases, 
however {e.g. Na^SOj, 10H2O and HaO), the composition of the 
third phase — the solution — can be obtained. The system is, 
therefore, one oi\iwo compofterits . 

But sodium sulphate can also exist in the anhydrous form 
and as the hydrate Na^SOj, 7H2O. In these cases there may 

' Ostwald, Lehrbiich, II. 3. 478. 
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be chosen as components Na^SOi and H^O, and Na^SOi, 7H0O 
and H,0 respectively. In both cases, therefore, there are two 
components. But the two systems (NajSOi, 10H2O — H2O, and 
NaoSOj, 7H,0— H2O) can be regarded as special cases of the 
system Na^SOj— H3O, and these two components will apply 
to all systems made- up of sodium sulphate and water, no 
matter whether the solid phase is anhydrous salt or one of the 
hydrates. In all three cases, of course, the number of com- 
ponents is the same ; but by choosing Na^SOj and H2O as 
components, the possible occurrence of negative quantities of 
components in expressing the composition of the phases is 
avoided; and, further, these components apply over a much 
larger range of experimental conditions. Again, therefore, 
we see that, although the number of the components of a 
system is definite, a certain amount of liberty is allowed in the 
choice of the substances ; and we also see that the choice will 
be influenced by the conditions of experiment. 

Summing up, now, we; may say — 

(i) The components are to be chosen from among the con- 
stituents which are present when the system is in a state of true 
equilibrium, and which take part in that equilibrium. 

(2) As components are to be chosen the smallest nuittberi. 
of such constituents necessary to express the composition of 
each phase participating in the equilibrium, zero and negative 
quantities of the components being permissible. 

(3) In any given system the number of the components is 
definite, but may alter with alteration of the conditions of 
experiment. A certain freedom of choice, however, is allowed 
in the (qualitative, not quantitative) selection of the compo- 
nents, the choice being influenced by considerations of sim- 
plicity, suitability, or generality of application. ^ 

Degree of Freedom. Variability of a System.— It is well 
known that in dealing with a certain mass of gas or vapour, e.g. 
water vapour, if only one of the independently variable factors 
■ — temperature, pressure, and concentration (or volume) — is 
fixed, the state of the gas or vapour is undefined ; while occu- 
pying the same volume (the concentration, therefore, remaining 
' See also Hoitsema, Zeitschr. physikal. Chem. 1895, ^"^^ 651. 
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unchanged), the temperature and the pressure may be altered ; 
at a given temperature, a gas can exist under different pressures 
and occupy different volumes, and under any given pressure 
the temperature and volume may vary. If, however, two of 
the factors are arbitrarily fixed, then the third factor can only 
have a certain definite value ; at any given values of tempera- 
ture and pressure a given mass of gas can occupy only a 
definite volume. 

Suppose, however, that the system consists of water in 
contact with vapour. The condition of the system then 
becomes perfectly defined on arbitrarily giving one of the 
variables a certain value. If the temperature is fixed, the 
pressure under which water and water vapour can coexist is 
also determined ; and conversely, if a definite pressure is 
chosen, the temperature is also defined. Water and vapour can 
coexist under a given pressure only at a definite temperature. 

Finally, let the water and vapour be cooled down until ice 
begins to separate out. So soon as the third phase, ice, appears, 
the state of the system as regards temperature and pressure of 
the vapour is perfectly defined, and none of the variables can 
be arbitrarily changed without causing the disappearance of one 
of the pbaiSfes, ice, water, or vapour. 

We see, therefore, that in the case of some systems two, in 
other cases, only one of the independent variables (temperature, 
pressure, concentration) can be altered without destroying the 
nature of the system j while in other systems, again, these 
variables have all fixed and definite values. We shall therefore 
define the number of degrees of freedom ^ of a system as the 
number of the variable factors, temperature, pressure, and concen- 
tratiofi of the components, which must be arbitrarily fixed in order 
that the condition of the system may be perfectly defined. From 
what has been said, therefore, we shall describe a gas or vapour 
as having two degrees of freedom ; the system water — vapour 
as having only one; and the system ice — water— vapour as 
having no degrees of freedom. We may also speak of the 

' The term " degree of freedom '' employed here must not be confused ' 
with the same term used to denote the various movements of a gas molecule 
according to the kinetic theory. 
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variability or variance of a system, and describe a system as being 
invariant, univariant, bivariant, multivariant,^ according as the 
number of degrees of freedom is nought, one, two, or more 
than two. 

A knowledge of its variability is, therefore, of essential import- 
ance in studying the condition and behaviour of a system, and 
it is the great merit of the Phase Rule that the state of a system 
is defined entirely by the relation existing between the number of 
the components and the phases present, no account being taken of 
the molecular complexity of the participating substances, nor 
any assumption made with regard to the constitution of matter. 
It is, further, as we see, quite immaterial whether we are dealing 
with "physical" or "chemical" equilibrium; in principle, 
indeed, no distinction need be drawn between the two classes, 
although it is nevertheless often convenient to make use of the 
terms, in spite of a certain amount of indefiniteness which 
attaches to them — an indefiniteness, indeed, which attaches 
equally to the terms " physical" and " chemical " process. - 

The Phase Rule of Gibbs, now, which defines the condition 
of equilibrium by the relation between the number of coexisting 
phases and the components, may be stated as follows : A 
system consisting of n components can exist in « + 2 phases 
only when the temperature, pressure, and concentration have 
fixed and definite values ; if there are n components in n -{■ \ 
phases, equilibrium can exist while one of the factors varies, 
and if there are only n phases, two of the varying factors may 
be arbitrarily fixed. This rule, the application of which, it is 
hoped, will become clear in the sequel, may be very concisely 
and conveniently summarized in the form of the equation — 

P + F = C-f2, orr=C + 2-P 
where P denotes the number of the phases, F the degrees of 
freedom, and C the number of components. From the second 
form of the equation it can be readily seen that the greater the 
number of the phases, the fewer are the degrees of freedom. 
■\Vith increase in the number of the phases, therefore, the 

' Trevor, yi;«;-. Physical Chem., 1902, 6, 136. 

^ Ostwald, Principles of Inorganic Chemistry, p. 7. (Macraillan.) 
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condition of the system becomes more and more defined, or 
less and less variable. 

Classification of Systems according to the Phase Rule. 
— We have already learned in the introductory chapter that 
systems which are apparently quite different in character may 
behave in a very similar manner. Thus it was stated that the 
laws which govern the equilibrium between water and its 
vapour are quite analogous to those which are obeyed by the 
dissociation of calcium carbonate into carbon dioxide and 
calcium oxide ; in each case a certain temperature is asso- 
ciated with a definite pressure, no matter what the relative or 
absolute amounts of the respective substances are. And 
other examples were given of systems which were apparently 
similar in character, but which nevertheless behaved in a 
different manner. The relations between the various systems, 
however, become perfectly clear and intelligible in the light of 
the Phase Rule. Iri the case first mentioned, that of water in 
equilibrium with its vapour, we have one component — water — 
present in two phases, i.e. in two physically distinct forms, viz. 
liquid and vapour. According to the Phase Rule, therefore, 
since C = i, and P = 2, the degree of freedom F is equal to 

1 + 2 — 2 = I ; the system possesses one degree of freedom, 
as has already been stated. But in the case of the second 
system mentioned above there are two components, viz. calcium 
oxide and carbon dioxide (p. 12), and three phases, viz. two 
solid phases, CaO and CaCO.,, and the gaseous phase, CO.2. 
The number of degrees of freedom of the system, therefore, is 

2 + 2 — ' 3 = I j this system, therefore, also possesses one 
degree of freedom. We can now understand why these two 
systems behave in a similar manner; both are univariant, or 
possess only one degree of freedom. We shall therefore 
expect a similar behaviour in the case of all univariant systems, 
no matter how dissimilar the systems may otherwise appear. 
Similarly, all bivariant systems will exhibit analogous behaviour ; 
and generally, systems possessing the same degree of freedom 
will show a like behaviour. In accordance with the Phase 
Rule, therefore, we may classify the different systems which may 
be found into invariant, univariant, bivaoant, multivariant, 

c 
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according to the relation which obtains between the number oi 
the components and the number of coexisting phases ; and we 
shall expect that in each case the members of any particular 
group will exhibit a uniform behaviour. By this means we are 
enabled to obtain an insight into the general behaviour of any 
system, so soon as we have determined the number of the 
components and the number of the coexisting phases. 

The adoption of the Phase Rule for the purposes of 
classification has been of great importance in studying changes 
in the equilibrium existing between different substances ; for 
not only does it render possible the grouping together of 
a large number of isolated phenomena, but the guidance it 
affords has led to the discovery of new substances, has given 
the clue to the conditions under which these substances can 
exist, and has led to the recognition of otherwise unobserved 
resemblances existing between different systems. 



CHAPTER III 

TYPICAL SYSTEMS OF ONE COMPONENT 

A. Water. 

For the sake of rendering the Phase Rule more readily intel- 
ligible, and at the same time also for the purpose of obtaining 
examples by which we may illustrate the general behaviour of 
systems, we shall in this chapter examine in detail the be- 
haviour of several well-known systems consisting of only one 
component. 

The most familiar examples of equilibria in a one-component 
system are those furnished by the three phases of water, viz. 
ice, water, water vapour. The system consists of one com- 
ponent, because all three phases have the same chemical com- 
position, represented by the formula H^O. As the criterion of 
equilibrium we shall choose a definite pressure, and shall study 
the variation of the pressure with the temperature ; and for the 
purpose of representing the relationships which we obtain we 
shall employ a temperature-pressure diagram, in which the 
temperatures are measured as abscissae and the pressures as 
ordinates. In such a diagram invariant systems will be repre- 
sented by points; univariant systems by lines, and bivariant 
systems by areas. 

Equilibrium between Liquid and Vapour. Vaporization 
Curve. — Consider in the first place the conditions for the co- 
existence of liquid and vapour. According to the Phase Rule 
(p. 1 6), a system consisting of one component in two phases 
has one degree of freedom, or is univariant. We should there- 
fore expect that it will be possible for liquid water to coexist 
with water vapour at different values of temperature and 



THE PHASE RULE 



pressure, but that if we arbitrarily fix one of the variable factors, 
pressure, temperature, or volume (in the case of a given mass 
of substance), the state of the system will then be defined. If 
we fix, say, the temperature, then the pressure will have a 
definite value ; or if we adopt a certain pressure, the liquid and 
vapour can coexist only at a certain definite temperature. Each 

temperature, therefore, will 
correspond to a definite pres- 
sure; and if in our diagram 
we join by a continuous line 
all the points indicating the 
values of the pressure corre- 
sponding to the different 
temperatures, we shall obtain 
a curve (Fig. i) representing 
the variation of the pressure 
with the temperature. This 
is the curve of vapour pres- 
sure, or the vaporizatio7i curve 
of water. 

Now, the results of ex- 
periment are quite in agree- 
ment with the requirements 
of the Phase Rule, and at any given temperature the system 
water — vapour can exist in equilibrium only under a definite 
pressure. 

The vapour pressure of water at different temperatures has 
been subjected to careful measurement by Magnus,^ Regnault,^ 
Ramsay and Young,'* Juhlin,^ Thiesen and Scheel," and others. 
In the following table the values of the vapour pressure from 
— lo'^'to -t-ioo° are those calculated from the measurements 
of Regnault, corrected by the measurements of 'W^iebe and 
Thiesen and Scheel ; " those from 120° to 270° were determined 

' Pi'SS- Annalen, 1844, 61. 225. 

2 Mimoires de TAcad., 26. 751. 

2 Phil. Trans. 1884, 176. 461 ; 1892, A, 183. 107. 

* Bihang Svenska Akad. Handl. 1891, 17. I. i. 

° Abhandl. physikal.-tech. Reichsanstalt, 1900, 3. 71. 

" Ostwald-Luther, Physiko-chemische Messungeti, 2nd edit., p. 156. 
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by Ramsay and Young, while the values of the critical pressure 
and temperature are those determined by Battelli.^ 

Vapour Pressure of Water, 



Temperature. 


Pressure in cm. 
mercury. 


Temperature. 


Pressure in cm. 
mercury. 


+ 1 

8 00 0000 
0000000 


0-213 
0-458* 
1-752 
5-516 

I4'932 

35-54 

76-00 


120° 
130° 
150° 
200° 
250° 
270° 
364-3° (critical 
temperature) 


148-4 

201-9 

356-8 

I162-5 

2973-4 
4IIO-I 

14790-4(194-6 atm.) 
(critical pressure). 



The pressure is, of course, independent of the relative or 
absolute volumes of the liquid and vapour ; on increasing the 
volume at constant temperature, a certain amount of the lif[uid 
will pass into vapour, and the pressure will regain its former 
value. If, however, the pressure be permanently maintained at 
a value different from that corresponding to the temperature 
employed, then either all the liquid will pass into vapour, or 
all the vapour will pass into liquid, and we shall have either 
vapour alone or liquid alone. 

Upper Limit of Vaporization Curve. — On continuing to 
add heat to water contained in a closed vessel, the pressure of 
the vapour will gradually increase. Since with increase of 
pressure the density of the vapour must increase, and since 
with rise of temperature the density of the liquid must decrease, 
a point will be reached at which the density of liquid and vapour 
become identical ; the system ceases to be heterogeneous, and 
passes into one homogeneous phase. The temperature at which 
this occurs is called the critical temperature. To this temperature 
there will, of course, correspond a certain definite pressure, 
called the critical pressure. The curve representing the 

' Annates chim. et phys., 1892 [6], 26. 425. 

* The vapour pressure of water at 0° has recently been very accurately 
determined by Thiesen and Scheel {,loc. cit.), and found to be 4-579 + o-ooi 
mm. of mercury (at 0°), or equal to 0-006025 atm. 
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equilibrium between liquid and vapour must, therefore, end 
abruptly at the critical point. At temperatures above this point 
no pressure, however great, can cause the formation of the liquid 
phase; at temperatures above the critical point the vapour 
becomes a gas. In the case of water, the critical temperature 
is 364'3°, and the critical pressure i94'6 atm. ; at the point 
representing these conditions the vapour-pressure curve of 
water must cease. 

Sublimation Curve of Ice. — Vapour is given off not only 
by liquid water, but also by solid water, or ice. That this is 
so is familiar to every one through the fact that ice or snow, 
even at temperatures below the melting point, gradually dis- 
appears in the form of vapour. Even at temperatures con- 
siderably lower than o°, the vapour pressure of ice, although 
small, is quite appreciable ; and it is possible, therefore, to have 
ice and vapour coexisting in equilibrium. When we inquire 
into the conditions imder which such a system can exist, we 
see again that we are dealing with a univariant system — one 
component existing in two phases — and that, therefore, just as 
in the case of the system water and vapour, there will be for 
each temperature a certain definite pressure of the vapour, and 
this pressure will be independent of the relative or absolute 
amounts of the solid or vapour present, and will depend solely 
on the temperature. Further, just as in the case of the vapour 
pressure of water, the condition of equilibrium between ice and 
water vapour will be represented by a line or curve showing the 
change of pressure with the temperature. Such a curve, repre- 
senting the conditions of equilibrium between a solid and its 
vapour, is called a sublimation airvc. At temperatures repre- 
sented by any point on this curve, the solid (ice) will sublime 
or pass into vapour without previously fusing. Since ice melts 
at 0° {vide infra), the sublimation curve must end at that tem- 
perature. 

The following are the values of the vapour pressure of ice 
between o° and —50°.^ 

' Juhlin, Bihang Svenska Akad. Handl., 1S91, 17. I, 58. See also 
kainsay and Youn^, loc. at. 
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Vapour Pressure of Ice. 



Temperature. 


Pressure in mm. 
mercury. 


Temperature. 


\ Pressure in mm. 
j mercury. 


-40° 


0-050 
0-I2I 


-8° 
-6° 


, 2-379 
1 2-821 


-30° 
-20° 


0-312 

o-8o6 
1-279 


0° 


3-334 

1 3-925 

4-602 


-10° 


1-999 







Equilibrium between Ice and Water. Curve of Fusion. 
— There is still another univariant system of the one com- 
ponent water, the existence of which, at definite values of 
temperature and pressure, the Phase Rule allows us to predict. 
This is the system solid — liquid. Ice on being heated to a 
certain temperature melts and passes into the liquid state; 
and since this system solid — liquid is uriivariant, there will be 
for each temperature a certain definite pressure at which ice 
and water can coexist or be in equilibrium, independently of 
the amounts of the two phases present. Since now the tempera- 
ture at which the solid phase is in equilibrium with the liquid 
phase is known as the melting point or point of fusion of the 
solid, the curve representing the temperatures and pressures at 
which the solid and liquid are in equilibrium will represent 
the change of the melting point with the pressure. Such a 
curve is called the curve effusion, or the melting-point curve. 

It was not until the middle of the nineteenth century that 
this connection between the pressure and the melting point, or 
the change of the melting point with the pressure, was observed. 
The first to recognize the existence of such a relationship was 
James Thomson,^ who in 1849 showed that from theoretical 
considerations such a relationship must exist, and predicted 
that in the case, of ice the melting point would be lowered by 
pressure. This prediction was fully confirmed by his brother, 
W. Thomson ^ (Lord Kelvin), who found that under a pressure 

' Trans. Roy. Soc. Edin., 1849, 16. 575. 
2 Proc. Roy. Soc. Edin., 1850, 2, 267. 
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of 8'i atm. the melting point of ice was —0-059°; under a 
pressure of i6'8 atm. the melting point, was —o'\2(f. 

The experiments which were first made in this connection 
were more of a qualitative nature, but in recent years careful 
measurements of the influence of pressure on the melting point 
of ice have been made more especially by Tammann,^ and the 
results obtained by him are given in the following table and 
represented graphically in Fig. 2. 

Fusion Pressure of Ice. 



Temperature. 


Pressure in kilogms. per 
sq. cin.- 


-0° 


I 


-2-5° 


336 


-5° 


615 


-7-5° 


890 


- io-o° 


"55 


-.2-5° 


1410 


-15-0° 


1625 


-17-5° 


' 1835 


-20-0° 


2042 


-22-1° 


2200 



Change of melting point for j 
increase of pressure of 
I kilogm. per sq. cm. 



o'co74^ 
o'oogo° 
00091° 
00094° 

O'OI00° 

o-oii6° 
o'0ii9° 
0'OI2I° 

o'oi33° 



From the numbers in the table and from the figure we see 
that as the pressure is increased the melting point of ice is 
lowered ; but we also observe that a very large change of 
pressure is required in order to produce a very small change 
in the melting point. The curve, therefore, is very steep. 
Increase of pressure by one atmosphere lowers the melting 
point by only 0-007 6°,^ or an increase of pressure of 135 atm. 
is required to produce a lowering of the melting point of i". 
We see further that the fusion curve bends slightly as the 
pressure is increased, which signifies that the variation of 

' Annalen der Physik, 1899 [3], 68. 564 ; 1900 [4], 2. I, 424. See 
also Dewar, Proc. Roy. Soc, 18S0, 30. 533. 

'' The pressure of I alniosphere is equal to I '033 kilogm. per sq. cm. ; 
or the pressure of i kilogm. per sq. cm. is equal to o'968 atm. 

^ Tammann, he. cit., 1900, 2. I, 424 ; cf. Goossens, Arch, nkrland, 
1886, 20. 449. 
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the melting point with the pressure changes; at —15°, when 
the pressure is 1625 kilogm. per sq. cm., increase of pressure 



Pressure 
inatm. 
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Icei&in\ 






\^ 
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Ice I 


Vo 




\o 




\0 
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Fig. 2 

by I kilogm. per sq. cm. lowers the melting point by o'oi2°. 
This curvature of the fusion curve we shall later (Chap. IV.) 
see to be an almost universal 
phenomenon. 

Equilibrium between Ice, 
Water, and Vapour. The 
Triple Point. — On examining 
the vapour-pressure curves of ice 
and water (Fig. 3), we see that 
at a temperature of about 0° 
and under a pressure of about 
4'6 mm. mercury, the two curves 
cut. At this point liquid water 
and solid ice are each in equi- 
librium with vapour at the same 
pressure. Since this is so, they must, of course, be in equilibrium 
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with one another, as experiment also shows. At this point, 
therefore, ice, water, and vapour can be in equilibrium, and as 
there are three phases present, the point is called a triple 



The triple point, now, does not lie exactly at o° C, for this 
temperature is defined as the melting point of ice under atmo- 
spheric pressure. At the triple point, however, the pressure is 
equal to the vapour pressure of ice and water, and this pressure, 
as we see from the tables on pp. 21 and 23, is very nearly 4'6 
mm., or almost i atm. less than in the previous case. Now, 
we have just seen that a change of pressure of i atm. cor- 
responds to a change of the melting point of o'oo76°; the 
melting point of ice, therefore, when under the pressure of its 
own vapour, will be very nearly +0*0076°, and the pressure of 
the vapour will be very slightly greater than 4'579 mm., which 
is the pressure at 0° (p. 21). The difference is, however, slight, 
and may be neglected here. At the temperature, then, of 
-f-o'oo76°, and under a pressure of 4"6 mm. of mercury, ice, 
water, and vapour will be in equilibrium ; the point in our 
diagram representing this particular temperature and pressure 
is, therefore, the triple point of the system ice — water — 
vapour. 

Since at the triple point we have three phases of one com- 
ponent, the system at this point is invariant — it possesses no 
degrees of freedom. If the temperature is changed, the system 
will undergo alteration in such a way that one of the phases 
will disappear, and a univariant system will result ; if heat be 
added, ice will melt, and we shall have left water and vapour ; 
if heat be abstracted, water will freeze, and we shall have left 
ice and vapour ; if, when the temperature is altered, the pres- 
sure is kept constant, then we shall ultimately obtain only one 
phase (see Chap. IV.). 

The triple point is not only the point of intersection of the 
vaporization and sublimation curves, but it is also the end- 
point of the fusion curve. The fusion curve, as we have seen, is 
the curve of equilibrium between ice and water ; and since at 
the triple point ice and water are each in equilibrium with 
' J. Thomson, Proc. Roy. Soc, 1874, 22. 28. 
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vapour of the same pressure, they must, of course, also be in 
equilibrium with one another. ^ 

Bivariant Systems of Water.— If we examine Fig. 4 we 
see that the curves OA, OB, OC, which represent diagram- 
matically the conditions under 
which water and vapour, ice 
and vapour, and water and ice 
are in equilibrium, form the 
boundaries of three "fields," 
or areas, I., II., III. These 
areas, now, represent the con- 
ditions for the existence of 
the single phases, solid, liquid, 
and vapour respectively. At 
temperatures and pressures 
represented by any point in 
the field I., solid only can 
exist as a stable phase. Since 




Fig. 4. 



we have here one component in only one phase, the system is 
bivariant, and at any given temperature, therefore, ice can exist 
under a series of pressures ; and under any given pressure, at 
a series of temperatures, these pressures and temperatures being 
limited only by the curves OB, OC. Similarly also with the 
areas II. and III. 

We see, further, that the different areas are the regions of 
stability of the phase common to the two curves by which the 
area is enclosed.^ Thus, the phase common to the two systems 

' It is a familiar fact, and one on which all thermometric measurement 
depends, that if two bodies are in equilibrium with a third body as regards 
the temperature, they must also be in equilibrium with one another ; and 
if two bodies having different temperature are brought into contact, heat 
will pass from the hotter to the colder until both have the same tem- 
perature. Now, the factor concerned in producing chemical change or 
change of state, which corresponds to temperature, is called chemical 
potential or thermodynamic potential (see the volume in this series on 
Thermodynamics, by F. G. Donnan) ; and we may say that a system will 
be in equilibrium when the chemical potential of each component is the 
same in all the phases in which it occurs. At the triple point, therefore, 
ice, water, and vapour have the same chemical potential. 

'' A field is "enclosed " by two curves when these cut at an angle less 
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represented by BO (ice and vapour), and OA (water and 
vapour) is the vapour phase ; and the area BOA is therefore 
the area of the vapour phase. Similarly, BOC is the area of 
the ice phase, and COA the area of the water phase. 

Supercooled Water. Metastable State. — When heated 
'under the ordinary atmospheric pressure, ice melts when the 
temperature reaches o°, and it has so far not been found pos- 
sible to raise the temperature of ice above this point without 
liquefaction taking place. On the other hand, it has long been 
known that water can be cooled below zero without solidifi- 
cation occurring. This was first discovered in 1724 by Fahren- 
heit,^ who found that water could be exposed to a temperature 
of — 9'4'' without solidifying; so soon, however, as a small 
particle of ice was brought in contact with the water, crystalli- 
zation commenced. Superfused or supercooled water — i.e. water 
cooled below 0° — is unstable only in respect of the solid phase ; 
so long as the presence of the solid phase is carefully avoided, 
the water can be kept for any length of time without solidi- 
fying, and the system supercooled water and vapour behaves 
in every way like a stable system. A system, now, which 
in itself is stable, and which becomes instable only in contact 
with a particular phase, is said to be metastable, and the region 
throughout which this condition exists is called the metastable 
region. Supercooled water, therefore, is in a metastable con- 
dition. If the supercooling be carried below a certain tem- 
perature, solidification takes place spontaneously without the 
addition of the solid phase ; the system then ceases to be 
metastable, and becomes i7istable. 

Not only has water been cooled to temperatures consider- 
ably below the melting point of ice, but the vapour pressure of 
the supercooled water has been measured. It is of interest 
and importance, now, to see what relationship exists between 
the vapour pressure of ice and that of supercooled water at the 
same temperature. This relationship is clearly shown by the 

than two right angles. It may be useful to remember that an invariant 
system is represented by a point, a univariant system by a line, and a 
bivariant system by an arm. 
' Phil. Trans., 1724, 39. 78. 
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numbers in the following table/ and is represented in Fig. 3, 
p. 25, and diagrammatically in Fig. 4, the vapour pressures of 
supercooled water being represented by the curve OA', which 
is the unbroken continuation of AO. 



Vapour Pressure of Ice and of Supercooled Water. 





Pressure in mm. mercury. 


Temperature. 
















Water. 


Ice. 


Difference. 


0° 


4-618 


4-602 


0-016* 


-2° 


3 '995 


3-925 


0-070 


""4° 


3-450 


3-334 


O-I16 


-8° 


2-558 


2-379 


0-179 


-10° 


2-197 


1-999 


0-198 


~'5° 


1-492 


1-279 


0-213 


-20° 


1-005 


o-8o6 


0-199 



At all temperatures below 0° (more correctly +0*007 6°), 
at which temperature water and ice have the same vapour 
pressure, the vapour pressure of supercooled water is greater 
than that of ice at the same temperature. 

From the relative positions of the curves OB and OA 
(Fig. 4) we see that at all temperatures above 0°, the (meta- 
stable) sublimation curve of ice, if it could be obtained, would 
be higher than the vaporization curve of water. This shows, 
therefore, that at 0° a " break " must occur in the curve of 
states, and that in the neighbourhood of this break the curve 
above that point must ascend less rapidly than the curve 
below the break. Since, however, the differences in the vapour 
pressures of supercooled water and of ice are very small, the 
change in the direction of the vapour-pressure curve on passing 
from ice to water was at first not observed, and Regnault 
regarded the sublimation curve as passing continuously into 

' Juhlin, loc. cit., p. 61 j cf. Ramsay and Young, loc. cit. : Thicsen and 
Scheel, ^oc, cit. 

* This small difference is due to experimental errors in the determina- 
tion of the vapour pressures ; a differential method betrayed no difference 
between the vapour pressure of ice and of water at 0°. 
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the vaporization curve. The existence of a break was, how- 
ever, shown by James Thomson '■ and by Kirchhoff^ to be 
demanded by thermo-dynamical considerations, and the pre- 
diction of theory was afterwards realized experimentally by 
Ramsay and Young in their determinations of the vapour 
pressure 'of water and ice, as well as in the case of other 
substances.^ 

From what has just been said, we can readily understand 
why ice and water cannot exist in equilibrium below o". For, 
suppose we have ice and water in the same closed space, but 
not in contact with one another, then since the vapour pressure 
of the supercooled water is higher than that of ice, the vapour 
of the former must be supersaturated in contact with the latter ; 
vapour must, therefore, condense on the ice ; and in this way 
there will be a slow distillation from the water to the ice, until 
at last all the water will have disappeared, and only ice and 
vapour remain.* 

Other Systems of the Substance Water. — We have thus 
far discussed only those systems which are constituted by 
the three phases- — ice, water, and water vapour. It has, how- 
ever, been recently found that at a low temperature and under 
a high pressure ordinary ice can pass into two other crystalline 
varieties, called by Tammann '' ice II. and ice III., ordinary 
ice being ice I. According to the Phase Rule, now, since 
each of these solid forms constitutes a separate phase (p. 9), 
it will be possible to have the following (and more) systems of 
water, in addition to those already studied, viz. water, ice I., 
ice II. ; water, ice I., ice III. ; water, ice II., ice III., forming 
invariant systems and existing in equilibrmm only at a definite 
triple point ; further, water, ice II. ; water, ice III. ; ice I., 
ice II. ; ice I., ice III. ; ice II., ice III., forming univariant 
systems, existing, therefore, at definite corresponding values of 

1 Phil. Mag., 1874 [4], 47. 447 ; Proc. Roy. Soc, 1S73, 22. 27. 

^ Pogg. Annalai, 1858, 103, 206. 

" See Phil. Trans., 1884, 175, 461. 

■■ This phenomenon of distillation from the supercooled liquid to the 
solid has been very clearly observed in the case of furfuraldoxime (V. 
Goldschmidt, Zeitschr.f. Krystallographie, 1897, 28. 169). 

'' Annalen der Physik, 1900 [4], 2. i, 424. 
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temperature and pressure ; and lastly, the bivariant systems, 
ice II. and ice III. Several of these systems have been inves- 
tigated by Tammann. The triple point for water, ice I., ice 
III., lies at —22°, and a pressure of 2200 kilogms. per sq. cm. 
(2130 atm.), as indicated in Fig. 2, p. 25.^ In contrast with 
the behaviour of ordinary ice, the temperature of equilibrium 
in the case of water — ice II., and water — ice III., is raised by 
increase of pressure. 

B. SulpJmr. 

Polymorphism. — Reference has just been made to the fact 
that ice can exist not only in the ordinary form, but in at least 
two other crystalline varieties. This phenomenon, the exist- 
ence of a substance in two or more different crystalline forms, 
is called polymorphism . Polymorphism was first observed by 
Mitscherlich ^ in the case of sodium phosphate, and later in the 
case of sulphur. To these two cases others were soon added, 
at first of inorganic, and later of organic substances, so that 
polymorphism is now recognized as of very frequent occurrence 
indeed.^ These various forms of a substance differ not only 
in crystalline shape, but also in melting point, specific gravity, 
and other physical properties. In the liquid state, however, the 
differences do not exist. 

According to our definition of phases (p. 9), each of these 
polymorphic forms constitutes a separate phase of the particular 
substance. As is readily apparent, the number of possible 
systems formed of one component may be considerably in- 
creased when that component is capable of existing in different 
crystalline forms. We have, therefore, to inquire what are the 
conditions under which different polymorphic forms can co- 
exist, either alone or in presence of the liquid and vapour 
phase. For the purpose of illustrating the general behaviour of 
such systems, we shall study the systems formed by the different 
crystalline forms of sulphur, tin, and benzophenone. 

' A similar triple point has been determined by Tammann in the case 
of phenol {Annalen der Physik, 1902 [4J, 9. 249). 

^ Annales chim. et phys., 1821, 19. 414. 

^ Lehmann, Molekularphysik, I. 153 ; Arzruni, Physikalische Chcmie 
der Krystalle. 
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Sulphur exists in two well-known crystalline forms — rhombic , 
or octahedral, and monoclinic, or prismatic sulphur. Of these, 
the former melts at ii4"5°; the latter zX.jj.o'} Further, 
at the ordinary temperature, rhombic sulphur can exist un- 
changed, whereas, on being heated to temperatures somewhat 
below the melting point, it passes into the prismatic variety. 
On the other hand, at temperatures above 96°, prismatic 
sulphur can remain unchanged, whereas at the ordinary tem- 
perature it passes slowly into the rhombic form. 

If, now, we examine the case of sulphur with the help of 
the Phase Rule, we see that the following systems are theoreti- 
cally possible : — 

I. Bivariant Systems : One component in one phase. 
(a) Rhombic sulphur. 

(1^) Monoclinic sulphur. 
{c) Sulphur vapour. 
(d) Liquid sulphur. 

II. Univariant Systems : One component in two phases. 

(a) Rhombic sulphur and vapour. 
{l>) Monoclinic sulphur and vapour. 

(c) Rhombic sulphur and liquid. 

(d) Monoclinic sulphur and liquid. 
((') Rhombic and monoclinic sulphur. 
(/) Liquid and vapour. 

III. Invariant Systems : One component in three phases. 

(a) Rhombic and monoclinic sulphur and vapour. 

(1^) Rhombic sulphur, liquid and vapour. (^ ' fT'-vf^t'/^) 

(c) Monoclinic sulphur, liquid and vapour. 

{d) Rhombic and monoclinic sulphur and liquid. 
Triple Point — Rhombic and Monoclinic Sulphur and 
Vapour. Transition Point.— In the case of ice, water and 
vapour, we saw that at the triple point the vapour pressures of 
ice and water are equal ; below this point, ice is stable ; above 
this point, water is stable. We saw, further, that below 0° the 
vapour pressure of the stable system is lower than that of the 
metastable, and therefore that at the triple point there is a 
break in the vapour pressure curve of such a kind that above 

' Brodie, Proc. Roy. Soc, 1855, 7. 24. 
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the triple point the vapour-pressure curve ascends more 
slowly than below it. Now, although the vapour pressure of 
solid sulphur has not been determined, we can nevertheless 
consider that it does possess a certain, even if very small, 
vapour pressure,' and that at the temperature at which the 
vapour pressures of rhombic and monoclinic sulphur become 
equal, we can have these two solid forms existing in equilib- 
rium with the vapour. Below that point only one form, that 
with the lower vapour pressure, will be stable ; above that 
point only the other form will be stable. On passing through 
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Fig. 5. 

the triple point, therefore, there will be a change of the one 
form into the other. This point is represented in our diagram 
(Fig. 5) by the point O, the two curves AO and OB repre- 
senting diagrammatically the vapour pressures of rhombic and 
monoclinic sulphur respectively. If the vapour phase is absent 
and the system maintained under a constant' pressure, e.g. 

' That solid sulphur does possess a certain vapour pressure has been 
shown by Hallffck, who observed the formation at the ordinary tempera- 
ture of copper sulphide in a tube containing copper and sulphur (Amer. 
Jour. Set., 1889 [3], 37. 405). 

D 
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atmospheric pressure, there will also be a dehaite temperature at 
which the two solid forms are in equilibrium, and on passing 
through which complete and reversible transformation of one 
form into the other occurs. This temperature, which refers to 
equiUbrium in absence of the vapour phase, is known as the 
transition tempera tun' or inicrsicn tevipiTatun-. 

Were we dependent on measurements of pressure and 
temperature, the determination of the transition point might 
be a matter of great difficulty. When we consider, however, 
that the other physical properties of the solid phases, ..^ir. the 
density, undergo an abrupt change on passing through the 
transition point, ow-ing to the transformation of one form into 
the other, then any method by which this abrupt change in the 
physical prop>erties ran be detected may be employed tor 
determining the transition point. A considerable number of 
such methods have been devised, and a description of the 
most important of these is given in the Appendix. 

In the case of sulphur, the transition point of rhombic into 
monoclinic sulphur was found by Reicher' to lie at 05 5°. 
Below this temperature the octahedral, above it the monochnic, 
is the stable form. 

Condensed Systems. — We have already seen that in the 
change of the melting point of water with the pressure, a very 
great increase of the latter was necessar\- in order to produce 
a comparatively small change in the temperature of equiUbrium. 
This is a characteristic of all systems from which the vapour 
phase is absent, and which are composed only of solid and 
liquid phases. Such systems are called ccndenstid systc-ms,^ and 
in determining the temperature of equilibrium of such systejjjs, 
practically the same point will be obtained whether the 
measurements are carried out under atmospheric pressvure or 
under the pressure of the vapour of the solid or Uquid phases. 
The transition p>oint, therefore, as determined in open vessels 
at atmospheric pressure, will differ only by a very slight amount 
from the triple point, or point at which the two solid or liquid 
phases are in equilibrium under the pressure of their vapoiur. 

' ZeitscAr.fiir Krysuillo^ap'iU, 1SS4, 8.303. 

' \'an't Hoff, StuJUi i'« C/umicai Mhmanucs, p. 163. 
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The determination of the transition point is thereby greatly 
simpUfied. 

Suspended Transformation. — In many respects the tran- 
sition point of two solid phases is analogous to the melting 
point of a sohd, or point at which the solid passes into a 
liquid. In both cases the change of phase is associated with 
a definite temperature and pressure in such a way that below 
the point the one phase, above the point the other phase, is 
stable. The transition point, however, differs in so far from 
a point of fusion, that while it is possible to supercool a liquid, 
no definite case is known where the solid has been heated 
above the triple point \vithout passing into the Uquid state. 
Transformation, therefore, is suspended only on one side of 
the melting point. In the case of tn-o solid phases, however, 
the transition point can be overstepped in both directions, so 
that each phase can be obtained in the metastable condition. 
In the case of supercooled water, further, we saw that the 
introduction of the stable, sohd phase caused the speedy 
transformation of the metastable to the stable condition of 
equilibrium ; but in the case of tsyo solid phases the change 
from the metastable to the staSle modification may occur with 
great slowness, even in presence of the stable form. This 
tardiness with which the stable condition of equilibrium is 
reached greatly increases in many cases the difficulty of 
accurately determming the transition point. The phenomena 
of suspended transformation will, however, receive a fuller 
discussion later (p. 66). 

Transition Curve — Rhombic and Monoclinic Sulphtir. — 
Just as we found the melting point of ice to vary with the 
pressure, so also do we find that change of pressure causes an 
alteration in the transition point, In the case of the transition 
point of rhombic into monoclinic sulphur, increase of pressure 
by I atm. raises the transition point by 0-04° — o'o5°.^ The 
transition curve, or curve representing the change of the 
transition point with pressiue, will therefore slope to the right 
away from the pressure axis. This is curve OC (Fig. 5). 

' Reicher, loc, cit. See also Tammann, Annakn ckr Physik, 1899 
[3], 68. 663. 
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Triple Point — Monoclinic Sulphur, Liquid, and Vapour. 
Melting Point of Monoclinic Sulphur. — Above 95 "s", mono- 
clinic sulphur is, as we have seen, the stable form. On being 
heated to 120°, under atmospheric pressure, it melts. This 
temperature is, therefore, the point of equilibrium between 
monoclinic sulphur and liquid sulphur under atmospheric 
pressure. Since we are dealing with a condensed system, this 
temperature may be regarded as very nearly that at which the 
solid and liquid are in equilibrium with their \apour, i.e. the 
triple point, solid (monoclinic) — liquid — vapour. This point 
is represented in the diagram by B. 

Triple Point— Rhombic and Monoclinic Sulphur and 
Liquid. — In contrast with that of ice, the fusion point of 
monoclinic sulphur is raised by increase of pressure, and the 
fusion curve, therefore, slopes to the right. The transition 
curve of rhombic and monoclinic sulphur, as we have seen, 
also slopes to the right, and more so than the fusion curve 
of monoclinic sulphur. There will, therefore, be a certain 
pressure and temperature at which the two curves will cut. 
This point lies at 151°, and a pressure of 1320 kilogni. per 
sq. cm., or about 1288 atm.^ It, therefore, forms another 
triple point, the existence of which had been predicted by 
Roozebooni,^ at which rhombic and monoclinic sulphur are 
in equilibrium with liquid sulphur. It is represented in our 
diagram by the point C. Beyond this point monoclinic snlpkiir 
ceases to exist in a stable condition. At temperatures and 
pressures above this triple point, rhombic sulphur will be 
the stable modification, and this fact is of mineralogical 
interest, because it explains the occurrence in nature of well- 
formed rhombic crystals. Under ordinary conditions, pris- 
matic sulphur separates out on cooling fused sulphur, but at 
temperatures above 151° and under pressures greater than 
1288 atm., the rhombic form would be produced.^ 

Triple Point — Rhombic Sulphur, Liquid, and Vapour. 
Metastable Triple Point. — On account of the slowness with 

' Tammann, Annalen der Physilt, 1899 [3], 68. 633. 

'^ Rec. Trav. Chitn. Pays-Bos, 1887, 6. 314. 

' Cf. van't Hoff, Lectures on Physical Chemistry, I., p. 27 (Arnold). 
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which transformation of one form into the other takes place on 
passing the transition point, it has been found possible to heat 
rhombic sulphur up to its melting point (114-5°). -A-t this 
temperature, not only is rhombic sulphur in a metastable con- 
dition, but the liquid is also metastable, its vapour pressure 
being greater than that of solid monoclinic sulphur. This 
point is represented in our diagram by the point b. 

From the relative positions of the metastable melting point 
of rhombic sulphur and the stable melting point of monoclinic 
sulphur at 120°, we see that, of the two forms, the metastable 
form has the lower melting point. This, of course, is valid 
only for the relative stability in the neighbourhood of the melt- 
ing point ; for we have already learned that at lower tempera- 
tures rhombic sulphur is the stable, monoclinic sulphur the 
metastable (or unstable) form. 

Fusion Curve of Rhombic Sulphur. — Like any other 
melting point, that of rhombic sulphur will be displaced by 
increase of pressure ; increase of pressure raises the melting 
point, and we can therefore obtain a metastable fusion curve 
representing the conditions under which rhombic sulphur is in 
equilibrium with liquid sulphur. This metastable fusion curve 
must pass through the triple point for rhombic sulphur — mono- 
clinic sulphur — liquid sulphur, and on passing 'this point it 
becomes a stable fusion curve. The continuation of this 
curve, therefore, above 151° forms the. stable fusion curve of 
rhombic sulphur (curve CD). 

These curves have been investigated at high pressures by 
Tammann, and the results are represented according to scale 
in Fig. 6,^ a being the curve for monoclinic sulphur and liquid ; 
b, that for rhombic sulphur and liquid ; and c, that for rhombic 
and monoclinic sulphur. 

Bivariant Systems. — Just as in the case of the diagram of 
states of water, the areas in Fig. 5 represent the conditions for 
the stable existence of the single phases : rhombic sulphur in ■ 
the area to the left of AOCD ; monoclinic sulphur in the area 
OBC ; liquid sulphur in the area EBCD ; sulphur vapour 
below the curves AOBE. As can be seen from the diagram, 

' Annalen der Physik, 1899 [3], 68. 663. 
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the existence of monoclinic sulphur is limited on all sides, its 
area being bounded by the curves OB, OC, BC. At any point 
outside this area, monoclinic sulphur can exist only in a meta- 
stable condition. 
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Fig. 6. 

Other crystalline forms of sulphur have been obtained,^ so 
that the existence of other systems of the one-component 
sulphur besides those already described is possible. Reference 
will be made to these later (p. 49). 

' Hxaxms, /ahrbuch fiir Mineralog-ie, 1S99-1901, 13. Beilage, p. 39. 
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C. Tin. 

Another substance capable of existing in more than one 
crystalhne form, is the metal tin, and although the general 
behaviour, so far as studied, is analogous to that of sulphur, 
a short account of the two varieties of tin may be given 
here, not only on account of their metallurgical interest, 
but also on account of the importance which the phenomena 
possess for the employment of this metal in everyday life. 

After a winter of extreme severity in Russia (1867-1868), 
the somewhat unpleasant discovery was made that a number 
of blocks of tin, which had been stored in the Customs House 
at St. Petersburg, had undergone disintegration and crumbled 
to a grey powder.^ That tin undergoes change on exposure 
to extreme cold was known, however, before that time, even 
as far back as the time of Aristotle, who spoke of the tin as 
" melting." ^ Ludicrous as that term may now appear, Aristotle 
nevertheless unconsciously employed a strikingly accurate 
analogy, for the conditions under which ordinary white tin 
passes into the grey modification are, in many ways, quite analo- 
gous to those under which a substance passes from the solid 
to the liquid state. The knowledge of this was, however, 
beyond the wisdom of the Greek philosopher. 

For many years there existed considerable confusion both 
as to the conditions under which the transformation of white 
tin into its allotropic modification occurs, and to the reason 
of the change. Under the guidance of the Phase Rule, how- 
ever, the confusion which obtained has been cleared away, and 
the " mysterious " behaviour of tin brought into accord with 
other phenomena of transformation.^ 

Transition Point. — Just as in the case of sulphur, so also 
in the case of tin, there is a transition point above which the 

' Fritsche, Ber., 1869, 2. 112, 540. 

'^- De mirabilibus Auscultationibus, Cap. 51 (v. Cohen, Zeitschr. 
physikal. Chem., 1901, 36. 513). 

^ £. Cohen and C. van'Eyk, Zeitschr. fhysikal. Chem., 1899, 30. 601 ; 
Cohen, ibid., 1900, 33. 59 ; 35. 588 ; 1901, 36. 513. 



40 THE PHASE RULE 

one form, ordinary white tin, and below which the other form, 
grey tin, is the stable variety. In the case of this metal, the 
transition point was found by Cohen and van Eyk, who em- 
ployed both the dilatometric and the electrical methods 
(Appendix) to be 20°. Below this temperature, grey tin is 
the stable form. But, as we have seen in the case of sulphur, 
the change of the metastable into the stable solid phase occurs 
with considerable slowness, and this behaviour is found also 
in the case of tin. Were it not so, we should not be able to 
use this metal for the many purposes to which it is applied in 
everyday life ; for, with the exception of a comparatively small 
number of days in the year, the temperature of our climate is 
below 20°, and white tin is, tlureforc, at the ordinary temper attire, 
in a metastable condition. The change, however, into the stable 
form at the ordinary temperature, although slow, nevertheless 
takes place, as is shown by the partial or entire conversion of 
articles of tin which have lain buried for several hundreds of 
years. 

On lowering the temperature, the velocity with which the 
transformation of the tin occurs is increased, and Cohen and 
van Eyk found that the temperature of maximum velocity 
is about —50°. Contact with the stable form will, of course, 
facilitate tTie'transformation. 

The change of white tin into grey takes place also with 
increased velocity in presence of a solution of tin ammonium 
chloride (pink salt), which is able to dissolve small quantities 
of tin. In presence of such a solution also, it was found that 
the temperature at which the velocity of transformation was 
greatest was raised to 0°. At this temperature, white tin in 
contact with a solution of tin ammonium chloride, and the 
grey modification, undergoes transformation to an appreciable 
extent in the course of a few days. 

Fig. 7 is a photograph of a piece of white tin undergoing 
transformation into the grey variety.^ The bright surface of 
the tin becomes covered with a number of warty masses, formed 
of the less dense grey form, and the number and size of these 
continue to grow until the whole of the white tin has passed 
' Zeitschr. fhysikal. Chem., 1900, 33, 58. * 
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into a grey powder. On account of the appearance which is 
here seen, this transformation of tin has been called by Cohen 
the " tin plague." 




Fig. 7. 
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Enantiotropy and Monotropy. — In the case of sulphur and 
tin, we have met with two substances existing in polymorphic 
forms, and we have also learned that these forms exhibit a 
definite transition point at which their relative stability is 
reversed. Each form, therefore, possesses a definite range of 
stable existence, and is capable of undergoing transformation 
into the other, at temperatures above or below that of the 
transition point. 

Another class of dimorphous substances is, however, met 
with as, for instance, in the case of the well-known compounds 
iodine monochloride and benzophenone. Each crystalline 
form has its own melting point, the dimorphous forms of iodine 
monochloride melting at i3"9° and 27'2°,i and those of ben- 
zophenone at 26° and 48°.^ This class of substance differs 
from that which we have already studied {e.g. sulphur and tin), 
in that at all temperatures up to the melting point, only one 
of the forms is stable, the other being metastable. There 
is, therefore, no transition point, and transformation of the 
crystalline forms can be observed only in one direction. These 
two classes of phenomena are distinguished by the names 
e7tantiotropy and monotropy ; enantiotropic substances being such 
that the change of one form into the other is a reversible pro- 
cess {e.g. rhombic sulphur into monoclinic, and monoclinic 
sulphur into rhombic), and monotropic substances, those in 
which the transformation of the crystalline forms is irrever- 
sible. 

These differences in the behaviour can be explained very 
well in many cases by supposing that in the case of enan- 
tiotropic substances the transition point lies below the melting 
point, while in the case of monotropic substances, it lies above 
the melting point.^ These conditions would be represented by 
the Figs. 8 and 9. 

In these two figures, O3 is the transition point, Oi and 
O2 the melting points of the metastable and stable forms 

' Stortenbeker, Zeitschr. physikal. Chem., 1889, 3. 11 ; Rec. Trav. Chim. 
Pays-Bas, 1888, 7. 152. 

= Zincke, Ber., 1871, 4. 576. 

•> Ostwald, Zeitschr. physikal. Chem., 1897, 22. 313. 
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respectively. From Fig. 9 we see that the crystalline form I. 
at all temperatures up to its melting point is metastable with 
respect to the form II. In such cases the transition point 
could be reached only at higher pressures. 

Although, as already stated, this explanation suffices for 
many cases, it does not prove that in all cases of monotropy 
the transition point is above the melting point of the two forms. 
It is also quite possible that the transition point may lie below 
the melting points ; ^ in this case we have what is known as 
pseudomo7iotropy. It is possible that graphite and diamond,^ 
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perhaps also the two forms of phosphorus, stand in the relation 
of pseudomonotropy {v. p. 47). 

The disposition of the curves in Figs. 8 and 9 also explains 
the phenomenon sometimes met with, especially in organic 
chemistry, that the substance first melts, then solidifies, and 
remelts at a higher temperature. On again determining the 
melting point after re-solidification, only the higher melting 
point is obtained. 

The explanation of such a behaviour is, that if the deter- 
mination of the melting point is carried out rapidly, the point 
Oi, the melting point of the metastable solid form, may be 
realized. At this temperature, however, the liquid is metastable 
with respect to the stable solid form, and if the temperature is 

' Roozeboom, Das Heterogene Gleichgewkht, I. p. 177. 
' Roozeboom, ibid., p. 179. 
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not allowed to rise above the melting point of the latter, the 
liquid may solidify. The stable solid modification thus ob- 
tained will melt only at a higher temperature. 

D. Phosphorus. 

An interesting case of a monotropic dimorphous substance 
is found in phosphorus, which occurs in two crystalline forms ; 
white phosphorus belonging to the regular system, and red 
phosphorus belonging to the hexagonal system. From de- 
terminations of the vapour pressures of liquid white phosphorus, 
and of solid red phosphorus,^ it was found that the vapour 
pressure of red phosphorus was considerably lower than that of 
liquid white phosphorus at the same temperature, the values 
obtained being given in the following table. 



Vapour Pressures of White and Red Phosphorus. 



Vapour pressure of 1 


quid 


white phosphorus. 


Vapour pressure of red 
phosphorus. 


Temperature.. 


Pressure 
in cm. 




Temperature. 

360° 


Pressure 
in atm. 

3'2 


Temperature. 


Pressure 
in atm. 


165° 


12 


360° 


o-i 


180° 


20-4 




440° 


7-5 


440° 


175 


200° 


26-6 




494° 


iS-o 


487° 


6-8 


219° 


35-9 




503° 


21-9 


510" 


IO-8 


230° 


51-4 




511° 


26-2 


53,0 


i6'o 


290° 


76-0 


1 




— 


550° 


31 




~ 


1 


~ 


~ 


577° 


56-0 



These values are also represented graphically in Fig. lo. 

At all temperatures above about 260°, transformation of the 
white into the red modification takes place with appreciable 
velocity, and this velocity increases as the temperature is raised. 
Even at lower temperatures, e.g. at the ordinary temperature, 
the velocity of transformation is increased under the influence 

' Schrotter, Pogg. Annalev, 1850, 81. 276; Tioost and Hautefeuille, 
Annales de Chitn. et Phys. 1874 [5], 2. 153 ; Ami. Sclent. Ecole A'oi-iii . 
1868 [2], II. 266. 
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of light,! or by the presence of certain substances, e.g. iodme,'-* 
just as the velocity of transformation of white tin into the grey 
modification was in- 
creased by the presence 
of a solution of tin am- 
monium chloride (p. 40). 
At the ordinary tem- 
perature, therefore, white 
phosphorus must be con- 
sidered as the less stable 
(metastable) form, for 
although it can exist in 
contact with red phos- 
phorus for a long period, 
its vapour pressure, as 
we have seen, is greater 
than that of the red 
modification, and also, 
its solubility in different solvents is greater ^ than that of the 
red modification; as we shall find later, the solubility of the 
metastable form is always greater than that of the stable. 

The relationships which are met with in the case of phos- 
phorus can be best represented by the diagram, Fig. 11/ 

In this figure, BOi represents the conditions of equilibrium 
of the univariant system rfed phosphorus and vapour, which 
ends at d, the melting point of red phosphorus. By heating 
in capillary tubes of hard glass, Chapman " found that red 
phosphorus melts at the melting point of potassium iodide, i.e. 
about 630°,'' but the pressure at this temperature is unknown. 

At Oi, then, we have the triple point, red phosphorus, 
liquid, and vapour, and starting from it, we should have the 

' Pedler, Trans. Chem. Soc, 1890, 57. 599. 

^ Brodie, Tratis. Chem. Soc, 1853, 5, 289. 

^ This is a familiar fact in the case of the solubility in carbon 
disulphide, 

' Roozeboom, Das Heterogene Glekhgewicht, I. p. 170, 

= Trans. Chem. Soc., 1899, 57. 734. 

« Carnelley, Trans. Chem. Soc, 1876, 29. 489; 1878, 33. 275. V. 
Meyer and Riddle, Ber., 1893, 26. 2443. 
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vaporization curve of liquid phosphorus, OjA, and the fusion 
curve of red phosphorus, dF. Although these have not been 
determined, the latter curve must, from theoretical considera- 
tions (v. p. 56), slope slightly to the right; i.e. increase of 
pressure raises the melting point of red phosphorus. 

When white phosphorus is heated to 44°, it melts. At this 
point, therefore, we shall have another triple point, white phos- 
phorus — liquid — vapour; the pressure at this point has been 
calculated to be 3 mm.^ This point is the intersection of 
three curves, viz. sublimation curve, vaporization curve, and 




Fig. II. 

the fusion curve of white phosphorus. The fusion curve, O2E, 
has been determined by Tammann^ and by G. A. Hulett,^ and 
it was found that increase of pressure by i atm. raises the 
melting point by o'029°. The sublimation curve of white phos- 
phorus has not yet been determined. 

As can be seen from the table of vapour pressures (p. 44), 
the vapour pressure of white phosphorus has been determined 
up to 500°; at temperatures above this, however, the velocity 
with which transformation into red phosphorus takes place is 
so great as to render the determination of the vapour pressure 

' Riecke, Zeitsckr, physikal. Chem,, 1890, 6. 411. 
' A?inalen der Physik., 1898 [3], 66. 492. 
^ Zeitsckr. physikal, Chem., 1899, 38. 656. 
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at higher temperatures impossible. Since, however, the differ- 
ence between white phosphorus and red phosphorus disappears 
in the hquid state, the vapour pressure curve of white phosphorus 
must pass through the point Oj, the melting point of red phos- 
phorus, and must be continuous with the curve dA, the vapour 
pressure curve of liquid phosphorus {vide infra). Since, as 
Fig. lo shows, the vapour pressure curve of white phosphorus 
ascends very rapidly at higher temperatures, the " break '' 
between BOi and OiA must be very slight. 

As compared with monotropic substances like benzophenone, 
phosphorus exhibits the peculiarity that transformation of the 
metastable into the stable modification takes place with great 
slowness ; and further, the time required for the production of 
equilibrium between red phosphorus and phosphorus vapour is 
great compared with that required for establishing the same 
equilibrium in the case of white phosphorus. This behaviour 
can be best explained by the assumption that change in the 
molecular complexity .(polymerization) occurs in the conversion 
of white into red phosphorus, and when red phosphorus passes 
into vapour (depolymerization).^ 

This is borne out by the fact that measurements of the 
vapour density of phosphorus vapour at temperatures of 500° 
and more, show it to have the molecular weight represented 
by Pi,^ and the same molecular weight has been found for 
phosphorus in solution.^ On the other hand, it has recently 
been shown by R. Schenck,* that the molecular weight of red 
phosphorus is at least Pg, and very possibly higher. 

In the case of phosphorus, therefore, it is more than pos- 
sible that we are dealing, not simply with two polymorphic 

' See Naumann, Ber., 1872, 4. 646 ; Troost and Hautefeuille, Compt. 
rend., 1868, 66. 795 ; 1868, 67. 1345 ; Roozeboom, Das Hderogene Gleich- 
gewicht, I. pp. 62, 171. 

= Mitscherlich, Lieb. Annalen, 1834, 12. 137 ; Deville and Troost, 
Compt. rend., 1863, 66. 891. 

' Beckmann, Zeitschr. physikal. Chem., 1890, 5. 79 ; Hertz, ibid., 6. 

358- 

■* Ber., 1902, 35. 351. Cf. also, K. Schaum, Annaleti der Chem., 
1898, 300. 221 ; R. Wegscheider and Kaufler, Sitzungsber. kaiserl. Akad. 
Wissensch. in Wien, 1901, 110, II. 606. 
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forms of the same substance, but with polymeric forms, and 
that there is no transition point at temperatures above the 
absolute zero, unless we assume the molecular complexity of 
the two forms to become the same. The curve for red phos- 
phorus would therefore lie below that of white phosphorus, for 
the vapour pressure of the polymeric form, if produced from 
the simpler form with evolution of heat, must be lower than 
that of the latter. A transition point would, of course, become 
possible if the sign of the heat effect in the transformation of 
the one modification into the other should change. If, further, 
the liquid which is produced by the fusion of red phosphorus at 
630° under high pressure also exists in a polymeric form, greater 
than Pj, then the metastable vaporization curve of white phos- 
phorus would not pass through the melting point of red phos- 
phorus, as was assumed above."^ 

AVe have already seen in the case of water (p. 29) that the 
vapour pressure of supercooled water is greater than that of 
ice, and that therefore it is possible, theoretically at least, by a 
process of distillation, to transfer the water from one end of a 
closed tube to the other, and to there condense it as ice. On 
account of the very small difference between the vapour 
pressure of supercooled water and ice, this distillation process 
has not been experimentally realized. In the case of phos- 
phorus, however, where the difference in the vapour pressures 
is comparatively great, it has been found possible to distil 
white phosphorus from one part of a closed tube to another, 
and to there condense it as red phosphorus ; and since the 
vapour pressure of red phosphorus at 350° is less than the 
vapour pressure of white phosphorus at 200°, it is possible to 
carry out the distillation from a colder part of the tube to a 
hotter, by having white phosphorus at the former and red 
phosphorus at the latter. Such a process of distillation has 
been carried out by Troost and Hautefeuille between 324° and 

Relationships similar to those found in the case of phos- 
phorus are also met with in the case of cyanogen and 

' See also Roozeboom, Das Heterogene GleicIigewicJtt, I. p. 177. 
Amtales de Chim. et Phys., 1874 [5], 2. 154. 
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paracyanogen, which have been studied by Chappuis,' Troost 
and Hautefeuille,^ and Dewar,' and also in the case of other 
organic substances. 

Enantiotropy combined with Monotropy.— Not only can 
polymorphic substances exhibit enantiotropy or monotropy, 
but, if the substance is capable of existing in more than two 
crystalline forms, both relationships may be found, so that 
some of the forms may be enantiotropic to one another, while 
the other forms exhibit only monotropy. This behaviour is 
seen in the case of sulphur, which can exist in as many as 
eight different crystalline varieties. Of these only mono- 
clinic and rhombic sulphur exhibit the relationship of enan- 
tiotropy, i.e. they possess a definite transition point, while 
the other forms are all metastable with respect to rhombic and 
monoclinic sulphur, and remain so up to the melting point ; 
that is to say, they are monotropic modifications.^ 

E. Liquid Crystals. 

Phenomena observed. — In 1888 it was discovered by 
Reinitzer'' that the two substances, cholesteryl acetate and 
cholesteryl benzoate, possess the peculiar property of melting 
sharply at a definite temperature to milky liquids ; and that the 
latter, on being further heated, suddenly become clear, also at 
a definite temperature. Other substances, more especially 
/-azoxyanisole and /-azoxyphenetole, were, later, found to 
possess the same property of having apparently a double 
melting point.' On cooling the clear liquids, the reverse series 
of changes occurred. 

The turbid liquids which were thus obtained were found to 
possess not only the usual properties of liquids (such as the 

' Compt. raid., 1887, 104. 1505. 

2 Compt. rend., 1868, 66. 795. 

^ Phil. Mag., 1884 [5], 18. 210. See also Roozeboom, Das Heterogene 
Gleichgewicht, I. p. 1 77. 

■■ Brauns, Jahrbuch fiir Mineralogie, igoo, 13. Beilage-Band, p. 39 ; 
Roozeboom, Das Heterogene Gleichgewicht, I. p. 181. 

= Monatshefte, 1888, 9. 435. 

" Gattermann, Ber., 1890, 23. 1738. 
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property of flowing and of assuming a perfectly spherical shape 
when suspended in a liquid of the same density), but also those 
properties which had hitherto been observed only in the case 
of solid crystalline substances, viz. the property of double 
refraction and of giving interference colours when examined by 
polarized light ; the turbid liquids are anisotropic. To such liquids, 
the optical properties of which were discovered by 0. Lehmann, 
the name liquid crystals, or crystalline liquids, was given. 

Nature of Liquid Crystals. — During the past ten years the 
question as to the nature of liquid crystals has been discussed 
by a number of investigators, several of whom have contended 
strongly against the idea of the term " liquid " being applied to 
the crystalline condition ; and various attempts have been 
made to prove that the turbid liquids are in reality hetero- 
geneous and are to be classed along with emulsions.^ This 
view was no doubt largely suggested by the fact that the aniso- 
tropic liquids were turbid, whereas the " solid " crystals were 
clear. Lehmann found, however, that, when examined under 
the microscope, the " simple " liquid crystals were also clear,^ 
the apparent turbidity being due to the aggregation of a number 
of differently oriented crystals, in the same way as a piece of 
marble does not appear transparent although composed of 
transparent crystals.* 

Further, no proof of the heterogeneity of liquid crystals has 
yet been obtained, but rather all chemical and physical inves- 
tigations indicate that they are homogeneous.^ No separation 
of a solid substance from the milky, anisotropic liquids has been 

' Zeitschr. physikal. Chem., 1889, 4. 468 ; Annalen der Pkysik, IQOO 
[4], 2. 649. 

^ Quincke, Annalen dcr Pkysik, 1894 [3], 63. 613 ; Tammanr., Annalen 
der Pkysik, 1901 [4], 4. 524 ; 1902, 8. 103 ; Rotarski, ibid., 4. 528. 

' Annalen der Pkysik, 1900 [4], 2. 649. 

■* Annalen der Pkysik, 1902 [4], 8. 911. 

'" See, more especially, O. Lehmann, Annalen der Pkysik, 1900 [4], 
2. 649 ; Reinitzer, Sitznngsier. kaiserl. Akad. zu JVien., 1S88, 94. (2), 
719 ; 97. (i), 167 ; Gattermann, loc. cit. ; Sclienck, Zeitschr. physikal. 
Ckem., 1897, 23. 703 ; 1898, 26. 337 ; 27. 170; 1899, 28. 280 ; Schenck 
and Schneider, ibid., 1899, 29. 546 ; Abegg and Seitz, ibid., 1899, 89. 491 ; 
Hulett, ibid., 1899, 28. 629. 
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effected ; the anisotrbpic liquid is in some cases less viscous 
than the isotropic liquid formed at a higher temperature ; and 
the temperature of liquefaction is constant, and is affected by 
pressure and admixture with foreign substances exactly as in 
the case of a pure substance. 

Equilibrium Relations in the Case of Liquid Crystals. — 
Since, now, we have seen that we are dealing here with sub- 
stances in two crystalline forms (which we may call the solid 
and liquid ^ crystalline form), which possess a definite transi- 
tion point, at which transformation of the one form into the 
other occurs in both directions, we can represent the con- 
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ditions of equilibrium by a diagram in all respects similar to 
that employed in the case of other enantiotropic substances, 
e.g. sulphur (p. 33). 

In Fig. 12 there is given a diagrammatic representation of 
the relationships found in the case of/-azoxyanisole.- 

' On account of the fact that all grades of rigidity have been realized 
between the ordinary solid and the liquid state, in the case both of crys- 
talline and amorphous substances, it has been proposed to abandon the 
terms "solid" and "liquid," and to class bodies as "crystalline" or 
"amorphous," the passage from the one condition to the other being dis- 
continuous ; crystaUine bodies possess a certain regular orientation of 
their molecules and a directive force, while in amorphous bodies these are 
wanting (see Lehmann, Annalen der Physik, 1900 [4], 2. 696). 

^ Hulett, loc. cit. 
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Although the vapour pressure of the substance in the soUd, 
or liquid state, has not been determined, it will be understood 
from what we have already learned, that the curves AO, OB, 
BC, representing the vapour pressure of solid crystals, liquid 
crystals, isotropic liquid, must have the relative positions shown 
in the diagram. Point O, the transition point of the solid into 
the liquid crystals, lies at 118-27°, 3-nd the change of the transi- 
tion point with the pressure is + 0-032° pro i atm. The 
transition curve OE slopes, therefore, slightly to the right. 
The point B, the melting point of the liquid crystals, lies at 
135-85°, and the melting point is raised 0-0485° pro i atm. 
The curve BD, therefore, also slopes to the right, and more so 
than the transition curve. In this respect azoxyanisole is 
different from sulphur. 

The areas bounded by the curves represent the conditions 
for the stable existence of the four single phases, solid crystals, 
liquid crystals, isotropic hquid and vapour. 

The most important substances hitherto found to form 
liquid crystals are ' : — 





Transition 


Melting 




point. 


point. 


Cholesteryl benzoate .... 


145-5° 


178-5° 


Azoxyanisole . 


118-3" 


135-9° 


Azoxyphenetole ..... 


134-5° 


i68-i° 


Condensation product from benzaldehyde 






and benzidine ..... 


234° 


260" 


Azine of/-oxyethylbenzaldehyde 


172° 


196° 


Condensation product from /-tolylaldehyde 






and benzidine 


231° 


— 


/-Methoxycinnamic acid . 


169° 


185° 



^ Roozeboom, Das Heterogeiie Gleichgewicht^ I. p. 144. 



CHAPTER IV 

GENERAL SUMMARY 

In the preceding pages we have learned how the principles of 
the Phase Rule can be applied to the elucidation of various 
systems consisting of one component. In the present chapter 
it is proposed to give a short summary of the relationships we 
have met with, and also to discuss more generally how the 
Phase Rule applies to other one-component systems. On 
account of the fact that beginners are sometimes inclined to 
expect too much of the Phase Rule ; to expect, for example, 
that it will inform them as to the exact behaviour of a sub- 
stance, it may here be emphasized that the Phase Rule is a 
general rule ; it informs us only as to the general conditions 
of equilibrium, and leaves the determination of the definite, 
numerical data to experiment. 

Triple Point. — We have already (p. 26) defined a triple 
point in a one-component system, as being that pressure and 
temperature at which three phases coexist in equilibrium ; it 
represents, therefore, an invariant system (p. 16). At the 
triple point also, three curves cut, viz. the curves representing 
the conditions of equilibrium of the three univariant systems 
formed by the combination of the three phases in pairs. The 
most common triple point of a one-component system is, of 
course, the triple point, solid, liquid, vapour (S-L-V), but 
other triple points * are also possible when, as in the case of 

' The possible number of triple points in a, one-component system is 

given by the expression — — ~ h"^ 1^ where « is the number of phases 
1.2.3. 

(Rieclte, Zeitschr, physikal. Chem., 1890, 6. 411). The number of triple 

points, therefore, increases very rapidly as the number of possible phases 

increases. 
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sulphur or benzophenone, polymorphic forms occur. Whether 
or not all the triple points can be experimentally realized will, 
of course, depend on circumstances. AVe shall, in the first 
place, consider only the triple point S-L-V. 

As to the general arrangement of the three univariant 
curves around the triple point, the following rules may be 
given, (i) The prolongation of each of the curves beyond the 
triple point must lie between the other two curves. (2) The 
middle position at one and the same temperature in the 
neighbourhood of the triple point is taken by that curve (or 
its metastable prolongation) which represents the two phases 
of most widely differing specific volume.^ That is to say, if 
a line of constant temperature is drawn immediately above or 
below the triple point so as to cut the three curves — two stable 
curves and the metastable prolongation of the third — the position 
of the curves at that temperature will be such that the middle 
position is occupied by that curve (or its metastable prolonga- 
tion) which represents the two phases of most widely differing 
specific volume. 

Now, although these rules admit of a considerable variety 
of possible arrangements of curves around the triple point, - 
only two of these have been experimentally obtained in the 
case of the triple point solid — liquid — vapour. At present, 
therefore, we shall consider only these two cases (Figs. 13 and 
14). 

An examination of these two figures shows that they satisfy 
the rules laid down. Each of the curves on being prolonged 
passes between the other two curves. In the case of substances 
of the first type (Fig. 13), the specific volume of the solid is 
greater than that of the liquid (the substance contracts on 
fusion) ; the difference of specific volume will, therefore, be 
greatest between liquid and vapour. The curve, therefore, for 
liquid and vapour (or its prolongation) must lie between the 
other two curves ; this is seen from the figure to be the 
case. Similarly, the rule is satisfied by the arrangement of 

' Duhem, Zcitschr. physikal. C/iem.y 1891, 8. 371. Cf. Roozeboom, 
Das Hetefogiiic Gleichgewicht, p. 94 ff. 

" Roozeboom, Das Heterogcnc GUidigcwlchty I. p. 99. 
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curves in Fig. 14, where the difference of specific volumes is 
greatest between the solid and vapour. In this case the curve 
S-V occupies the intermediate position. 

As we see, the two figures differ from one another only in 
that the fusion curve OC in one case slopes to the right away 
from the pressure axis, thus indicating that the melting point 
is raised by increase of pressure ; in the other case, to the left, 
indicating a lowering of the melting point with the pressure. 
These conditions are found exemplified in the case of sulphur 
and ice (pp. 23 and 36). We see further from the two figures, 
that O in Fig. 13 gives the highest temperature at which the 



P 





Fig. 13. 



Fig. 14. 



s olid c an exist, for the curve for solid — liquid slopes back to 
regions of lower temperature; in Fig. 14, O gives the lowest 
temperature at which the l iquid phas e can exist as stable phase.^ 
Theorems of van't Hoflf and of Le Chatelier. — So far we 
have studied only the conditions under which various systems 
exist in equilibrium ; and we now pass to a consideration of 
the changes which take place in a system when the externa 
conditions of temperature and pressure are altered. For all 
such changes there exist two theorems, based on the laws of 
thermodynamics, by means of which the alterations in a system 
can be qualitatively predicted. ^ The first of these, usually 

' Roozeboom, ZeitschT'. physikal. Chem., 1888, 2. 474. 
These changes can be predicted quantitatively, provided the specific 
volumes of the phases are knowii, and the heat effect which accompanies 
the transformation of one phase into the other. 
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known as van't Hoffs law of movable equilibrium,^ states.: 
When the temperature of a system in equilibrium is raised^, 
thaj^^ reaction takes place which is accompanied by absorp- 
J^ of heat ; and, conversely, when the temperature is lowered, 
that reaction occurs which is accompanied by an evolution of 
heat. 

The second of the two theorems refers to the effect of 
change of pressure, and states : '' When the pressure on a 
system in equilibrium is increased, that reaction takes place 
which is accompanied by a diminution of volume ; and when 
the pressure is diminished, a reaction ensues which is accom- 
panied by an increase of volume- 

The demonstration of the universal applicability of these 
two theorems is due chiefly to Le Chatelier, who showed that 
they may be regarded as consequences of the general law of 
action and reaction. For this reason they are generally 
regarded as special cases of the more general law, known as 
the theorem of Le Chatelier, which may be stated in the words 
of Ostwald, as follows : ^ If a system in eqttilibritim is subjected 
to a constraint by which the equilibrium is shifted, a reaction 
takes place which opposes the constraint, i.e. one by which its effect 
is partially annulled. 

This theorem of Le Chatelier is of very great importance, 
for it applies to all systems and changes of the condition of 
equilibrium, whether physical or chemical ; to vaporization and 
fusion ; to solution and chemical action. In all cases, whenever 
changes in the external condition of a system in equilibrium 
are produced, processes also occur within the system which 
tend to counteract the effect of the external changes. 

Changes at the Triple Point. — If now we apply this theorem 
to equilibria at the triple point S-L-V, and ask what changes 
will occur in such a system when the external conditions of 
pressure and temperature are altered, the general answer to the 
question will be : So long as the three phases are present, no 

' Studies on Chemical Dynamics, translated by Ewan, p. 2l8. 
- Le Chatelier, Compi. rend., 1884, 99. 786. 

" See Principles of Inorganic Chemistry, translated by Findlay, p. 130. 
(Macir.illau, 1902.) 
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change in the temperature or pressure of the system can occur, 
but only changes in the relative amounts of the phases ; that is 
to say, the effect on the system of change in the external con- 
ditions is opposed by the reactions or changes which take place 
within the system (according to the theorems of van't Hoff and 
Le Chatelier). We now proceed to discuss what these changes 
are, and shall consider first the effect of alteration of the tem- 
perature at constant volume and constant pressure, and then 
the effect of alteration of the pressure both when the tempera- 
ture remains constant and when it varies. 

, When the volume is kept constant, the effect of the addi- 
tion of heat to a system at the triple point S-L-V differs some- 
what according as there is an increase or diminution of volume 
when the solid passes into the liquid state. In the former and 
most general case (Fig. 14), addition of heat will cause a certain 
amount of the solid phase to melt, whereby the heat which is 
added becomes latent ; the temperature of the system therefore 
does not rise. Since, however, the melting of the solid is 
accompanied by an increase of volume, whereby an increase 
of pressure would result, a certain portion of the vapour must 
condense to liquid, in order tha,t the pressure may remain 
constant. The total effect of addition of heat, therefore, is to 
cause both solid and vapour to pass into liquid, i.e. there occurs 
the change S -|- V -> L. It will, therefore, depend on the 
relative quantities of solid and vapour, which will disappear 
first. If the solid disappears first, then we shall pass to the 
system L-V ; if vapour disappears first, we shall obtain the 
system S-L. Withdrawal of heat causes the reverse change, 
L -> S -f- V ; at all temperatures below the triple point the 
liquid is unstable or metastable (p. 28). 

When fusion is accompanied by a diminution of volume 
{e.g. ice. Fig. 13), then, since the melting of the solid phase 
would decrease the total volume, i.e. would lower the pressure, 
a certain quantity of the solid must also pass into vapour 
in order that the pressure may be maintained constant. 
On addition of heat, therefore, there occurs the reaction 
S -> L 4- V ; withdrawal of heat causes the reverse change 
L -|- V -> S. Above the temperature of the triple point th(^ 
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solid cannot exist ; below the triple point both systems, S-L 
and S-V, can exist, and it will therefore depend on the relative 
amounts of liquid and vapour which of these two systems is 
obtained on withdrawing heat from the system at constant 
volume. 

The same changes in the phases occur when heat is added 
or withdrawn at constant pressure, so long as the three phases 
are present. Continued addition of heat, however, at constant 
pressure will ultimately cause the formation of the bivariant 
system vapour alone ; continued withdrawal of heat will ulti- 
mately cause the formation of solid alone. This will be readily 
understood from Fig. 15. The dotted line D'OD is a line of 
constant pressure ; on adding heat, the system passes along 
the line OD into the region of 
vapour; on heat being withdrawn, 
the system passes along OD' into 
the area of solid. 

Similar changes are produced 
when the volume of the system is 
altered. Alteration of volume may 
take place either while transference 
of heat to or from the system is 
- cut off (adiabatic change), or while 
such transference may occur (iso- 
thermal change). In the latter case, 
the temperature of the system will remain constant ; in the 
former case, since at the triple point the pressure must be 
constant so long as the three phases are present, increase of 
volume must be compensated by the evaporation of liquid. 
This, however, would cause the temperature to fall (since com- 
munication of heat from the outside is supposed to be cut off), 
and a portion of the liquid must therefore freeze. In this way 
the latent heat of evaporation is counterbalanced by the latent 
heat of fusion. As the result of increase of volume, therefore, 
the process occurs L -> S -f- V. Diminution of volume, with- 
out transference of heat, will bring about the opposite change, 
S -f V — > L. In the former case there is ultimately obtained 
the univariant system S-V ; in the latter case there will be 




Vapour 



Fig. 
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obtained either S-L or L-V according as the vapour or solid 
phase disappears first. 

This argument holds good for both types of triple point 
shown in Figs. 13 and 14 (p. 55). A glance at these figures 
will show that increase of volume (diminution of pressure) will 
lead ultimately to the system S-V, for at pressures lower than 
that of the triple point, the liquid phase cannot exist. Decrease 
of volume (increase of pressure), on the other hand, will lead 
either to the system S-L or L-V, because these systems can 
exist at pressures higher than that of the triple point. If the 
vapour phase disappears and we pass to the curve S-L, continued 
diminution of volume will be accompanied by a |fill in tempera- 
ture in the case of systems of the first type (Fig. 13), and by a 



/ 



Solid 




Y, Vapour 




Y, Vapour 



Fig. 16. 



Fig. 17. 



rise in temperature in the case of systems of the second type 
(Fig. 14). 

Lastly, if the temperature is maintained constant, i.e. if heat 
can pass into or out of the system, then on changing the volume 
the same changes in the phases will take place as described 
above until one of the phases has disappeared. Continued 
increase of volume (decrease of pressure) will then cause the 
disappearance of a second phase, the system passing along the 
dotted line OE' (Figs. i6, 17), so that ultimately there remains 
only the vapour phase. Conversely, diminution of volume 
(increase of pressure) will ultimately lead either to solid 
(Fig. 16) or to liquid alone (Fig. 17), the system passing along 
the dotted line OE. 
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In discussing the alterations which may take place at the 
triple point with change of temperature and pressure, we have 
considered only the triple point S-L-V. The same reasoning, 
however, applies, mutatis mutandis, to all other triple points, so 
that if the specific volumes of the phases are known, and the 
sign of the heat effects which accompany the transformation of 
one phase into the other, it is possible to predict (by means of 
the theorem of Le Chatelier) the changes which will be produced 
in the system by alteration of the pressure and temperature. 

In all cases of transformation at the triple point, it should 
be noted that all three phases are involved in the chatige^ and not 
two only ; the fact that in the case, say, of the transformation 
from solid to liquid, or liquid to solid, at the melting point with 
change of temperature, only these two phases appear to be 
affected, is due to there generally being a large excess of the 
vapour phase present and to the prior disappearance therefore 
of the solid or liquid phase. 

In the case of triple points at which two solid phases are 
in equilibrium with liquid, other arrangements of the curves 
around the triple point are found. It is, however, unnecessary 
to give a general treatment of these here, since the principles 
which have been applied to the triple point S-L-V can also be 
applied to the other triple points.^ 

Triple Point Solid— Solid — Vapour. — The triple point 
solid — solid — vapour is one which is of considerable import- 
ance. Examples of such a triple point have already been 
given in sulphur and tin, and a list of other substances capable 
of yielding two solid phases is given below. The triple point 
S-S-V is not precisely the same as the transition point, but is 
very nearly so. The transition point is the temperature at 
which the relative stability of the two solid phases undergoes 
change, when the vapour phase is absent and the pressure is 
I atm. ; whereas at the triple point the pressure is that of 
the system itself. The transition point, therefore, bears the 
same relation to the triple point S-S-V as the melting point to 
the triple point S-L-V. 

' Roozeboom, Zcitschr. physikal. Chctii., 1888, 2. 474. 
' Roozeboom, Das Hetcrogeiie Glekhgewkht, I. p. 189. 
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In the following table is given a list of the most import- 
ant polymorphous substances, and the temperatures of the 
transition point. ^ 



Substance. 



Ammonium nitrate- — 

;8-rhombic — > a-rhombic 
a-rhombic — > rhombohedral 
Rhombohedral — > regular . 

Mercuric iodide .... 

Potassium nitrate .... 

Silver iodide 

Silver nitrate 

Sulphur .... 

Tetrabrommethane 

Thallium nitrate — 

Rhombic — > rhombohedral 
Rhombohedral — > regular . 

Thallium picrate 

Tin 



Transition 
temperature. 



35° 

83° 
125° 
126° 
129° 

145° 
160° 

95-5° 
46-8° 

80° 

142-5° 

46° 

20° 



Sublimation and Vaporization Curves. — We have already 
seen, in the case of ice and liquid water, that the vapour pressure 
increases as the temperature rises, the increase of pressure per 
degree being greater the higher the temperature. The sublima- 
tion and vaporization curves, therefore, are not straight lines, 
but are bent, the convex side of the curve being towards the 
temperature axis in the ordinary /^diagram. 

In the case of sulphur and of tin, we assumed vapour to be 
given off by the solid substance, although the pressure of the 
vapour has not hitherto been measured. The assumption, 
however, is entirely justified, not only on theoretical grounds, 
but also because the existence of a vapour pressure has been 
observed in the case of many solid substances at temperatures 
much below the melting point,^ and in some cases, e.g. cam- 
phor,^ the vapour pressure is considerable. 

' Roozeboom, Das Heterogene Gleichgewkht, I., p. 125. 

^ Roberts- Austen, Proc. Roy. Soc.,^%. \t^\; Spring, Zeitschr. physikal. 
Chem. 1894, 15. 65. See also p. 33. 

' Ramsay and Young, Phil. Trans., 1884, ITS. 461 ; Allen, Trans. 
Chem. Soc, 1900, 77. 413. 
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As the result of a large number of determinations, it has 
been found that all vapour pressure curves have the same 
general form alluded to above. Attempts have also been made 
to obtain a general expression for the quantitative changes in 
the vapour pressure with change of tem.perature, but without 
success. Nevertheless, the qualitative changes, or the general 
direction of the curves, can be predicted by means of the 
theorem of Le Chatelier. 

As we have already learned (p. i6), the Phase Rule takes 
no account of the molecular complexity of the substances par- 
ticipatmg in an equilibrium. A dissociating substance, there- 
fore, in contact with its vaporous products of dissociation 
(e.g. ammonium chloride in contact with ammonia and hydrogen 
chloride), willi likewise constitute a univariant system of one 
component, provided the composition of the vapour phase as 
a whole is the same as that of the solid or liquid phase (p. 13). 
For all such substances, therefore, the conditions of equilibrium 
will be represented by a curve of the same general form as the 
vapour pressure curve of a non-dissociating substance. "^ The 
same behaviour is also found in the case of substances which 
polymerize on passing into the solid or liquid state (e.g. red 
phosphorus). Where such changes in the molecular state occur, 
however, the time required for equilibrium to be established 
is, as a rule, greater than when the molecular state is the same 
in bbth phases. 

From an examination of Figs. 13 and 14, it will be easy to 
predict the effect of change of pressure and temperature on 
the univariant systems S-V or L-V. If the volume is kept 
constant, addition of heat will cause an increase of pressure, the 
system S-V moving along the curve AO until at the triple point 
the liquid phase is formed, and the system L-V«noving along 
the curve OB ; so long as two phases are present, the condition 
of the system must be represented by these two curves. Con- 
versely, withdrawal of heat will cause condensation of vapour, 
and therefore diminution of pressure ; the system will therefore 
move along the vaporization or sublimation curve to lower tem- 
peratures and pressures, so long as the system remains univariant. 
• Ramsay and Young, Phil. Trans. 1886, 177. 87. 
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If transference of heat to or from the system is prevented, 
increase of volume (diminution of pressure) will cause the 
system L-V to pass along the curve BO ; liquid will pass into 
vapour and the temperature will fall. At O solid may appear, 
and the temperature of the system will then remain constant 
until the liquid phase has disappeared (p. 58) ; the system will 
then follow the curve OA until the solid phase disappears, and 
we are ultimately left with vapour. On the other hand, diminu- 
tion of volume (increase of pressure) will cause condensation 
of vapour, and the system S-V will pass along the curve AO 
to higher temperatures and pressures ; at O the solid will melt, 
and the system will ultimately pass to the curve OB or to OC 

(P- 58). 

Addition or withdrawal of heat at constant pressure, and 
increase or diminution of the pressure at constant temperature, 
will cause the system to pass along lines parallel to the tem- 
perature and the pressure axis respectively ; the working out 
of these changes may be left to the reader, guided by what has 
been said on pp. 58 and 59. 

The sublimation curve of all substances, so far as yet found, 
has its upper limit at the melting point (triple point), although 
the possibility of the existence of a superheated solid is not 
excluded. The lower limit is, theoretically at least, at the 
absolute zero, provided no new phase, e.g. a different crystalline 
modification, is formed. If the sublimation pressure of a sub- 
stance is greater than the atmospheric pressure at any tempera- 
ture below the point of fusion, then the substance will sublime 
without inciting when heated in an open vessel ; and fusion will 
be possible only at a pressure higher than the atmospheric. 
This is found, for example, in the case of red phosphorus 
(p. 45). If, however, the sublimation pressure of a substance 
at its triple point S-L-V is less than one atmosphere, then the 
substance will melt when heated in an open vessel. 

In the case of the vaporization curve, the upper limit lies 
at the critical point where the liquid ceases to exist ; ' the 

' Tammann has, however, found that the fusion curve (solid in contact 
with liquid) of phosphonium chloride can be followed up to temperatm-es 
above the critical point (Arch, nler., 1901 [2], 6. 244). 
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lower limit is determined by the range of the metastable state 
of the supercooled liquid. 

The interpolation and extrapolation of vapour-pressure 
curves is rendered very easy by means of a relationship which 
Ramsay and Young ^ found to exist between the vapour- 
pressure curves of different substances. It was observed that 
in the case of closely related substances, the ratio of the ab- 
solute temperatures corresponding to equal vapour pressures 

T T 

is constant, .z.^. ^ =-^?. When the two substances are not 

1 1 1 2 

closely related, it was found that the relationship could be 

T T., 
expressed by the equation ^, = —^ -f c(t' — t) where (t is a 

constant having a small positive or negative value, and t' and t 
are the temperatures at which one of the substances has the 
two values of the vapour pressure in question. By means of 
this equation, if the vapour-pressure curve of one substance is 
known, the vapour-pressure curve of any other substance can 
be calculated from the values at any two temperatures of the 
vapour pressure of that substance. 

Fusion Curve — Transition Curve. — The fusion curve repre- 
sents the conditions of equilibrium between the solid and 
liquid phase; it shows the change of the melting point of- a 
substance with change of pressure. 

As shown in Figs. 13 and 14, the fusion curve is inclined 
either towards the pressure axis or away from it ; that is, 
increase of pressure can either lower or raise the melting point. 
It is easy to predict in a qualitative manner the different effect 
of pressure on the melting point in the two cases mentioned, if 
we consider the matter in the light of the theorem of Le Chat- 
elier (p. 56). Water, on passing into ice, expands; therefore, 
if the pressure on the system ice — water be increased, a reaction 
will take place which is accompanied by a diminution in 
volume, i.e. the ice will melt. Consequently, a lower tem- 
perature will be required in order to counteract the effect of 
increase of pressure ; or, in other words, the melting point will 
be lowered by pressure. In the second case, the passage of 
• Phil. Mag., 1886, 21. 33. 
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the liquid to the solid state is accompanied by a diminution 
of volume ; the effect of increase of pressure will therefore be 
the reverse of that in the previous case. 

If the value of the heat of fusion and the alteration of 
volume accompanying the change of state are known, it is 
possible to calculate quantitatively the effect of pressure. "^ 

We have already seen (p. 23) that the effect of pressure on 
the melting point of a substance was predicted as the result of 
theoretical considerations, and was first proved experimentally 
in the case of ice. Soon after, Bunsen ^ showed that the 
melting point of other substances is also affected by pressure ; 
and in more recent years, ample experimental proof of the 
change of the melting point with the pressure has been ob- 
tained. The change of the melting point is, however, small ; 
as a rule, increase of pressure by 1 atm. changes the melting 
point by about o'03°, but in the case of water the change is 
much less (o'oo76°), and in the case of camphor much more 
(o"i3°). In other words, if we take the mean case, an increase 
of pressure of more than 30 atm. is required to produce a 
change in the melting point of 1°. 

Investigations which were made of the influence of pressure 
on the melting-point, showed that up to pressures of several 
hundred atmospheres the fusion curve is a straight line.' 
Tammann " has, however, found that on increasing the pressure 
the fusion curve no longer remains straight, but bends towards 
the pressure axis, so that, on sufiSciently increasing the pressure, 
a maximum temperature might at length be reached. This 
maximum has, so far, however, not been attained, although the 
melting point curves of various substances have been studied up 
to pressures of 4500 atm. This is to be accounted for partly 
by the fact that the probable maximum temperature in the case 
of most substances lies at very great pressures, and also by the 

' See the volume in this series on Thermodynamics, by Dr. F. G. 
Donnan, 

'' P'Si- Annalen, 1850, 81. 562. 

^ Barus, Amer. Jour. Sci., 1892, 42. 125 ; Mack, Comft. rend., 1898, 
127. 361 ; Hulett, Zeitschr. physikal. Chem., 1899, 38. 629. 

' Annalen der Physik, 1899 [3], 68. 553, 629 ; 1900 [4], 1. 275 ; 2. I ; 
3. 161. See also Tammann, Kristallisieren urtd Schtnelzen (Leipzig, 1903). 

F 
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fact that other solid phases make their appearance, as, for 
example, in the case of ice (p. 30). 

As to the upper limit of the fusion curve, the view has been 
expressed ^ that just as in the case of liquid and vapour, so 
also in the case of solid and liquid, there exists a critical point 
at which the solid and the liquid phase become indentical. 
Experimental evidence, however, does not appear to favour 
this view.^ 

The transition point, like the melting point, is also influ- 
enced by the pressure, and in this case also it is found that 
pressure may either raise or lower the transition point, so that 
the transition curve may be inclined either away from or 
towards the pressure axis. The direction of the transition curve 
can also be predicted if the change of volume accompanying the 
passage of one form into the other is known. In the case of 
sulphur, we saw that the transition point is raised by increase 
of pressure; in the case of the transition of rhomb ohedral into 
a-rhombic form of ammonium nitrate, however, the transition 
point is lowered by pressure, as shown by the following table.^ 



Temperature. Pressure. 



85-85° I atm. 

84-38° I 100 „ 
83-03° 200 ,, 

82-29° , 250 „ 



So far as investigations have been carried out, it appears 
that the transition curve is practically a straight line. 

Suspended Transformation. Metastable Equilibria. — 
Hitherto we have considered only systems in stable equilibrium. 
AVe have, however, already seen, in the case of water, that on 
cooling the liquid down to the triple point, solidification did 
not necessarily take place, although the conditions were such 
as to allow of its formation. Similarly, we saw that rhombic 

' Ostwald, Lehrbuch, II. 2. 373 ; Poynting, Phil. Mag., 1881 [5], 12. 
2 ; Planck, Wied. Annalen, 1882, IS. 446. 

^ Bakhuis Roozeboom, Das Heterogene Gleichgerwicht, I. p. 91. 
^ Lussana, // nuovo Cimento, 1895 [4], 1. 105. 
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sulphur can be heated above the transition point, and mono- 
clinic sulphur can be obtained at temperatures below the 
transition point, although in both cases transformation into a 
more stable form is possible ; the system becomes metastable. 
The same reluctance to form a new phase is observed also 
in the phenomena of superheating of liquids, and in the " hang 
ing " of mercury in barometers, in which case the vapour phase 
is not formed. In general, then, we may say that a new phase 
will not necessarily he formed immediately the system passes into 
such a condition that the existence of that phase is possible ; but 
rather, instead of the system undergoing transformation so as 
to pass into the most stable condition under the existing 
pressure and temperature, this transformation will be " sus- 
pended " or delayed, and the systen\ will become metastable. 
Only in the case of the formation of the liquid from the solid 
phase, in a one-component system, has this reluctance to form 
a new phase not been observed. 

To ensure the formation of the new phase, it is necessary to 
have that phase present. The presence of the solid phase will 
prevent the supercooling of the liquid ; and the presence of the 
vapour phase will prevent the superheating of the liquid. How- 
ever, even in the presence of the more stable phase, transforma- 
tion of the metastable phase occurs with very varying velocity ; 
in some cases so quickly as to appear almost instantaneous ; 
while in other cases, the change takes place so slowly as to 
require hundreds of years for its achievement. It is this slow 
rate of transformation that renders the existence of metastable 
forms possible, when in contact with the more stable phase. 
Thus, for example, although calcite is the most stable form of 
calcium carbonate at the ordinary temperature,^ the less stable 
modification, aragonite, nevertheless exists under the ordinary 
conditions in an apparently very stable state. 

As to the amount of the new phase required to bring about 
the transformation of the metastable phase, quantitative 
measurements have been carried out only in the case of the 
initiation of crystallization in a supercooled liquid.^ As the 

' Foote, Zeitschr. physikal. Chem., 1900, 33. 740. 
' Ostwald, Zeitschr. physikal. Chem., 1897, 22. 289. 
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result of these investigations, it was found that, in the case of 
superfused salol, the very small amount of i X lo"' gm. of the 
solid phase vras sufficient to induce crystallization. Crystalliza- 
tion of a supercooled liquid, however, can be initiated only by 
a " nucleus " of the same substance in the solid state, or, as 
has also been found, by a nucleus of an isomorphous solid 
phase ; it is not brought about by the presence of any chance 
solid. 

Velocity of Transformation. — Attention has already been 
drawn to the sluggishness with which reciprocal transformation 
of the polymorphic forms of a substance may occur. In the case 
of tin, for example, it was found that the white modification, 
although apparently possessing permanence, is in reality in a 
metastable state, under the ordinary conditions of temperature 
and pressure. This great degree of stability is due to the 
tardiness with which transformation into the grey form occurs. 

What was found in the case of tin, is met with also in the 
case of all transformations in the solid state, but the velocity of 
the change is less in some cases than in others, and appears to 
decrease with increase of the valency of the element.^ To this 
fact van't Hoff attributes the great permanence of many really 
unstable (or metastable) carbon compounds. 

Reference has been made to the fact that the velocity of 
transformation can be accelerated by various means. One of 
the most important of these is the employment of a liquid 
which has a solvent action on the solid phases. Just as we 
have seen that at any given temperature the less stable form 
has the higher vapour pressure, but that at the transition point 
the vapour pressure of both forms becomes identical, so also it 
can be proved theoretically, and be shown experimentally, that 
at a given temperature the solubility of the less stable form is 
greater than that of the more stable, but that at the transition 
point the solubility of the two forms becomes identical.^ 

If, then, the two solid phases are brought inta^^ontact with 
a solvent, the less stable phase will dissolve more abundantly 

' Van't Hoff, Arch, nier., 1901, 6. 471. 

^ See, for example, the determinations of the solubility of rhombic and 
monoclinic sulphur, by J. Meyer, Zeitschr. anorg. Chem., 1902, 33. 140. 
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than the more stable ; the solution will therefore become super- 
saturated with respect to the latter, which will be deposited. A 
gradual change of the less stable form, therefore, takes place 
through the medium of the solvent. In this way the more 
rapid conversion of white tin into grey in presence of a solution 
of tin ammonium chloride (p. 40) is to be explained. Although, 
as a rule, solvents accelerate the transformation of one solid 
phase into the other, they may also have a retarding influence 
on the velocity of transformation, as was found by Reinders in 
the case of mercuric iodide. '^ 

The velocity of inversion, also, is variously affected by 
different solvents, and in some cases, at least, it appears to be 
slower the more viscous the solvent ; ^ indeed, Kastle and 
Reed state that yellow crystals of mercuric iodide, which, 
ordinarily, change with considerable velocity into the red 
modification, have been preserved for more than a year under 
vaseline. 

Temperature, also, has a very considerable influence on the 
velocity of transformation. The higher the temperature, and 
the farther it is removed from the equilibrium point (transition 
point), the greater is the velocity of change. Above the 
transition point, these two factors act in the same direction, 
and the velocity of transformation will therefore go on in- 
creasing indefinitely the higher the temperature is raised. 
Below the transition point, however, the two factors act in 
opposite directions, and the more the temperature is lowered, 
the more is the effect of removal from the equilibrium point 
■ counteracted. A point will therefore be reached at which 
the velocity is a maximum. Reduction of the temperature 
below this point causes a rapid falling off in the velocity of 
change. The point of maximum velocity, however, is not 
definite, but may be altered by various causes. Thus, Cohen 
found that in the case of tin, the point of maximum velocity 
was altered if the metal had already undergone transformation ; 
and also by the presence of different liquids.^ 

' Zeitschr. physikal. C/iem., 1899, 32. 506. 

= Kastle and Reed, Amer. Chem. Jour., 1902, 27. 209. 

' Zeitschr. physikal. Chem., 1900, 36. 588. 
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Lastly, the presence of small quantities of different sub- 
stances — catalytic agents or catalyzers — has a great influence 
on the velocity of transformation. Thus, e.g., the conversion of 
white to red phosphorus is accelerated by the presence of 
^dine (p. 45). 

Greater attention, however, has been paid to the study of 
the velocity of crystallization of a supercooled liquid, the first 
experiments in this direction having been made by Gernez ^ on 
the velocity of crystallization of phosphorus and sulphur. 
Since that time, the velocity of crystallization of other super- 
cooled liquids has been investigated ; such as acetic acid and 
phenol by Moore ; '^ supercooled water by Tumlirz ; ' and a 
number of organic substances by Tammann,^ Friedliinder and 
Tammann,'^ and by Bogojawlenski.^ 

In measuring the velocity of crystallization, the supercooled 
liquids were contained in narrow glass tubes, and the time 
required for the crystallization to advance along a certain 
length of the tube was determined, the velocity being expressed 
in millimetres per minute. The results which have so far been 
obtained may be summarized as follows. For any given 
degree of supercooling of a substance, the velocity of crystalli- 
zation is constant. As the degree of supercooling increases, 
the velocity of crystallization also increases, until a certain 
point is reached at which the velocity is a maximum, which has 
a definite characteristic value for each substance. This 
maximum velocity remains constant over a certain range of 
temperature ; thereafter, the velocity diminishes fairly rapidly, 
and, with sufficient supercooling, may become zero. The 
liquid then passes into a glassy mass, which will remain 
(practically) permanent even in contact with the crystalline 
solid. 

The velocity of crystallization has also been found to be 
diminished by the addition of foreign substances, the diminution 

' Cmnpt. rend., 1882, 95. 1278 ; 1884, 97. 1298, 1366, 1433. 

" Zeitschr. physikal. C/iem,, 1893, 12. 545- 

^ Sitzungsher. Wiener Akad., 1S94, 103. \\a. 226. 

* Zeitschr. physikal. Cheni., 23-29. See also Kiistev, ibid., 25-28, 

^ Zeitschr. physikal. Chem., 1897, 24. 152. 

« Ibid., 1898, 27. 585. 
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of the velocity being the same for equimolecular quantities of 
all substances.' 

Law of Successive Reactions. — When sulphur vapour is 
cooled at the ordinary temperature, it first of all condenses to 
drops of liquid, which solidify in an amorphous form, and only 
after some time undergo crystallization ; or, when phosphorus 
vapour is condensed, white phosphorus is first formed, and not 
the more stable form — red phosphorus. It has also been 
observed that even at the ordinary temperature (therefore much 
below the transition point) sulphur may crystallize out from 
solution in benzene, alcohol, carbon disulphide, and other 
solvents, in the prismatic form, the less stable prismatic crystals 
then undergoing transformation into the rhombic form ; ^ a 
similar behaviour has also been observed in the transformation 
of the monotropic crystalline forms of sulphur.^ 

Many other examples might be given. In organic chemistry, 
for instance, it is often found that when a substance is thrown 
out of solution, it is first deposited as a liquid, which passes later 
into the more stable crystalline form. In analysis, also, rapid 
precipitation from concentrated solution often causes the separa- 
tion of a less stable and more soluble amorphous form. 

On account of the great frequency with which the prior 
formation of the less stable form occurs, Ostwald'' has put 
forward the law of successive reactions, which states that when a 
system passes from a less stable condition it does not pass 
directly into the most stable of the possible states ; but into the 
next more stable, and so step by step into the most stable. 
This law explains the formation of the metastable forms of 
monotropic substances, which would otherwise not be obtain- 
able. Although it is not always possible to observe the 
formation of the least stable form, it should be remembered 
that that may quite conceivably be due to the great velocity 

> Von Pickardt, Zeitschr. physikal. Chetn., 1902, 42. 17. 

^ Deville, Compt. rend., 1852, 34. 561 ; Payen, ibid., 1852, 34. 508 ; 
Debray, ibid., 1858, 46. 576. 

" Brauns, Neues Jahrbuch fiir Mineralogie, 1899, 13. (Beilage Band) 
84. 

■* Lehrhich, II. 2. 445. See also Principles of Inorganic Chemistry, 
p. 207 ff. 
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of transformation of the less stable into the more stable 
form. From what we have learned about the velocity of- 
transformation of metastable phases, we can understand that 
rapid cooling to a low temperature will tend to preserve the 
less stable form ; and, on account of the influence of temperature 
in increasing the velocity of change, it can be seen that the 
formation of the less stable form will be more difficult to 
observe ift superheated than in supercooled systems. The 
factors, however, which affect the readiness with which the less 
stable modification is produced, appear to be rather various.^ 

Although a number of at least apparent exceptions to 
Ostwald's law have been found, it may nevertheless be accepted 
as a very useful generalization which sums up very frequently 
observed phenomena. 

' Schaum and Schonbeck, Anrialctt der Physik, igo2 [4], 8. 652. 



CHAPTER V 

SYSTEMS OF TWO COMPONENTS — PHENOMENA OF 
DISSOCIATION 

In the preceding pages we have studied the behaviour of 
systems consisting of only one component, or systems in which 
all the phases, whether solid, liquid, or vapour, had the same 
chemical composition (p. 13). In some cases, as, for example, 
in the case of phosphorus and sulphur, the component was 
an elementary substance ; in other cases, however, e.g. water, 
the component was a compound. The systems which we now 
proceed to study are characterized by the fact that the different 
phases have no longer all the same chemical composition, and 
cannot, therefore, according to definitioii, be considered as one- 
component systems. 

In most cases, little or no difficulty will be experienced in 
deciding as to the number of the components, if the rules given 
on pp. 1 2 and 13 are borne in mind. If the composition of all the 
phases, each regarded as a whole, is the same, the system is to 
be regarded as of the first order, or a one-component system ; if 
the composition of the different phases varies, the system must 
contain more than one component. If, in order to express the 
composition of all the phases present when the system is in 
equilibrium, two of the constituents participating in the equi- 
librium are necessary and sufficient, the system is one of two 
components. Which two of the possible substances are to be 
regarded as components will, however, be to a certain extent 
a matter of arbitrary choice. 

The principles affecting the choice of components will best 
be learned by a study of the examples to be discussed in the 
sequel. 
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Different Systems of Two Components.— Applying the 
Phase Rule i 

P + F = C + 2 

to systems of two components, we see that in order that 
the system may be invariant, there must be four phases 
in equilibrium together ; two components in three phases con- 
stitute a univariant, two components in two phases a bivariant 
system. In the case of systems of one component, the highest 
degree of variability found was two (one component in one 
phase) ; but, as is evident from the formula, there is a higher 
degree of freedom possible in the case of two-component 




Fig. v 



systems. Two components existing in only one phase consti- 
tute a tervariant system, or a system with three degrees of 
freedom. In addition to the pressure and temperature, there- 
fore, a third variable factor must be chosen, and as such there 
is taken the concentration of the components. In systems of two 
components, therefore, not only may there be change of 
pressure and temperature, as in the case of one-component 
systems, but the concentration of the components in the different 
phases may also alter ; a variation which did not require to be 
considered in the case of one-component systems. 

Since a two-component system may undergo three possible 
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independent variations, we should require for the graphic 
representation of all the possible conditions of equilibrium a 
system of three co-ordinates in space, three axes being chosen, 
say, at right angles to one another, and representing the three 
variables — pressure, temperature, and concentration of com- 
ponents (Fig. 1 8). A curve {e.g. AB) in the plane containing 
the pressure and temperature axes would then represent the 
change of pressure with the temperature, the concentration 
remaining unaltered (/^'-diagram) ; one in the plane containing 
the pressure and concentration axes {e.g. AF or DF), the change 
of pressure with the concentration, the temperature remaining 
constant (/Jc-diagram), while in the plane containing the con- 
centration and the temperature axes, the simultaneous change 
of these two factors at constant pressure would be represented 
{tc-A\a.gTa.m). If the points on these three curves are joined 
together, a surface, ABDE, will be formed, and any Une on 
that surface {e.g. FG, or GH, or GI) would represent the 
simultaneous variation of the three factors — pressure, tempera- 
ture, concentration. Although we shall at a later point make 
some use of these solid figures, we shall for the present employ 
the more readily intelligible plane diagram. 

The number of different systems which can be formed from 
two components, as well as the number of the different phen- 
omena which can there be observed, is much greater than in 
the case of one component. In the case of no two substances, 
however, have all the possible relationships been studied ; so 
that for the purpose of gaining an insight into the very varied 
behaviour of two-component systems, a number of different 
examples will be discussed, each of which will serve to give a 
picture of some of the relationships. 

Although the strict classification of the different systems 
according to the Phase Rule would be based on the variability 
of the systems, the study of the many different phenomena, and 
the correlation of the comparatively large number of different 
systems, will probably be rendered easiest by grouping these 
dififerent phenomena into classes, each of these classes being 
studied with the help of one or more typical examples. The • 
order of treatment adopted here is, of course, quite arbitrary ; 
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but has been selected from considerations of simplicity and 
clearness. 



Phenomena of Dissociation. 

Bivariant Systems. — As the first examples of the equilibria 
between a substance and its products of dissociation, we shall 
consider very briefly those cases in which there is one solid 
phase in equilibrium with vapour. Reference has already been 
made to such systems in the case of ammonium chloride. On 
being heated, ammonium chloride dissociates into ammonia 
and hydrogen chloride. Since, however, in that case the 
vapour phase has the same total composition as the solid phase, 
viz. NH3 + HCl = NHj CI, the system consists of only one 
component existing in two phases ; it is therefore univariant, 
and to each temperature there will correspond a definite vapour 
pressure (dissociation pressure).^ 

If, however, excess of one of the products of dissociation 
be added, the system becomes one of two components. 

In the first place, analysis of each of the two phases yields 
as the composition of each, solid : NH3 + HCl ; vapour : 
wNHa + nYlQX. Obviously the smallest number of substances 
by which the composition of the two phases can be expressed 
is two ; that is, the number of components is two. What, then, 
are the components ? The choice lies between NH3 + HCl, 
NH4CI + NH3, and NH4CI + HCl ; for the three substances, 
ammonium chloride, ammonia, hydrogen chloride, are the only, 
ones taking part in the equilibrium of the system. ♦ 

Of these three pairs of components, we should obviously 
choose as the most simple NH3 and HCl, for we can then 
represent the composition of the two phases as the su7n of 
the two components. If one of the other two possible 
pairs of components be chosen, we should have to introduce 
.negative quantities of one of the components, in order to 
represent the composition of the vapour phase. Although it 
must be allowed that the introduction of negative quantities 
of a component in such cases is quite permissible, still it will be 
' Ramsay and Young, Phil. Trans., 1886, 177. 87. 
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better to adopt the. simpler and more direct choice, whereby 
the composition of each of the phases is represented as a sum 
of two components in varying proportions (p. 12). 

If, therefore, we have a soUd substance, such as ammonium 
chloride, which dissociates on volatilization, and if the products 
of dissociation are added in varying amounts to the system, we 
shall have, in the sense of the Phase Rule, a two-component 
system existing in two phases. Such a system will possess two 
degrees of freedom. At any given temperature, not only the 
pressure, but also the composition, of the vapour-phase, ix. the 
concentration of the components, can vary. Only after one 
of these independent variables, pressure or composition, has 
been arbitrarily fixed does the system become univariant, and 
exhibit a definite, constant pressure at a given temperature. 

Now, although the Phase Rule informs us that at a given 
temperature change of composition of the vapour phase will 
be accompanied by change of pressure, it does not cast any 
light on the relation between these two variables. This 
relationship, however, can be calculated theoretically by means 
of the Law of Mass Action.' From this we learn that in the 
case of a substance which dissociates into equivalent quantities 
of two gases, the product of the partial pressures of the gases 
is constant at a given temperature. 

This has been proved experimentally in the case of ammon- 
ium hydrosulphide, ammonium cyanide, phosphonium bromide, 
and other substances.^ 

Univariant Systems. — In order that a system of two com- 
ponents shall possess only one degree of freedom, three phases 
must be present. Of such systems, there are seven possible, 
viz. S-S-S, S-S-L, S-S-V, L-L-L, S-L-L, L-L-V, S-L-V ; 
S denoting solid, L Uquid, and V vapour. In the present 
chapter we shall consider only the systems S-S-V, i.e. those 
systems in which there are two solid phases and a vapour phase 
present. 

' See volume in this series on Chemical Dynamics, by Dr. J. W. 
Mellor. 

'' Isambert, Compt. rend., 1881, 92. 919 ; 1882, 94. 958 ; 1883, 96. 643. 
Walker and Lumsden, Jimr. Chein. Soc, 1897, 71. 428. 
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As an example of this, we may first consider the well-known 
case of the dissociation of calcium carbonate. This substance 
on being heated dissociates into calcium oxide, or quick-lime, 
and carbon dioxide, as shown by the equation CaCOj ^ CaO 
-|- C0.2. In accordance with our definition (p. 9), we have 
here two solid phases, the carbonate and the quick-lime, and 
one vapour phase; the system is therefore univariant. To 
each temperature, therefore, there will correspond a certain, 
definite maximum pressure of carbon dioxide (dissociation 
pressure), and this will follow the same law as the vapour 
pressure of a pure liquid (p. 19). More particularly, it will 
be independent of the relative or absolute amounts of the two 
solid phases, and of the volume of the vapour phase. If the 
temperature is maintained constant, increase of volume will 
cause the dissociation of a further amount of the carbonate 
until the pressure again reaches its maximum value corre- 
sponding to the given temperature. Diminution of volume, on 
the other hand, will bring about the combination of a certajn 
quantity of the carbon dioxide with the calcium oxide until the 
pressure again reaches its original value. 

The dissociation pressure of calcium carbonate was first 
studied by Debray,^ but more exact measurements have been 
made by Le Chatelier,^ who found the following corresponding 
values of temperature and pressure : — 





Temperature. 


Pressure in cm. mercury. 




547° 


27 




610° 


4-6 




625° 


S-6 




740° 


25-5 




745° 


28-9 




810° 


67-8 




812° 


76-3 




865° 


133-3 



From this table we see that it is only at a temperature 
of about 812° that the pressure of the carbon dioxide 
becomes equal to atmospheric pressure. In a vessel open to 
' Compt. rend., 1867, 64. 603. = Compt. rend., 1883, 102. 1243. 
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the air, therefore, the complete decomposition of the calcium 
carbonate would not take place below this temperature by the 
mere heating of the carbonate. If, however, the carbon 
dioxide is removed as quickly as it is formed, say by a current 
of air, then the entire decomposition can be made to take place 
at a much lower temperature. For the dissociation equilibrium 
of the carbonate depends only on the partial pressure of the 
carbon dioxide, and if this is kept small, then the decomposition 
can proceed, even at a temperature below that at which the 
pressure of the carbon dioxide is less than atmospheric pressure. 

Ammonia Compounds of Metal Chlorides. — Ammonia 
possesses the property of combining with various substances, 
chiefly the halides of metals, to form compounds which again 
yield up the ammonia on being heated. Thus, for example, 
on passing ammonia over silver chloride, absorption of the gas 
takes place with formation of the substances AgCl,3NH3 and 
2AgCl,3NH3, according to the conditions of the experiment. 
These were the first known substances belonging to this class, 
and were employed by Faraday in his experiments on the 
liquefaction of ammonia. Similar compounds have also been 
obtained by the action of ammonia on silver bromide, iodide, 
cyanide, and nitrate; and with the halogen compounds of 
calcium, zinc, and magnesium, as well as with other salts. 
The behaviour of the ammonia compounds of silver chloride 
is typical for the compounds of this class, and may be briefly 
considered here. 

It was found by Isambert '^ that at temperatures below 15°, 
silver chloride combined with ammonia to form the compound 
AgCl,3NH3, while at temperatures above 20° the compound 
2AgCl,3NH3 was produced. On heating these substances, 
ammonia was evolved, and the pressure of this gas was found 
in the case of both compounds to be constant at a given 
temperature, but was greater in the case of the former than in 
the case of the latter substance; the pressure, further, was 
independent of the amount decomposed. The behaviour of 
these two substances is, therefore, exactly analogous to that 
shown by calcium carbonate, and the explanation is also similar. 
' Compt. rend., 1868, 66. 1259. 
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Regarded from the point of view of the Phase Rule, we see 
that we are here dealing with two components, AgCl and NH3. 
On being heated, the compounds decompose according to the 
equations : — 

2(AgCl,3NH3) % 2AgCl,3NH3 + 3NH3. 
2AgCl,3NH3 % zAgCl + 3NH3. 

There are, therefore, three phases, viz. AgCl,3NH3; zAgCl, 
3NH3, and NH3, in the one case; and 2AgCl,3NH3; AgCl, 
and NH3 in the other. These two systems are therefore 
univariant, and to each temperature there must correspond 
a definite pressure of dissociation, quite irrespective of the 
amounts of the phases present. Similarly, if, at constant 
temperature, the volume is increased (or if the ammonia which 
is evolved is pumped off), the pressure will remain constant so 
long as two solid phases, AgCl,3NH3 and 2AgCl,3NH3, are 
present, i.e. until the compound richer in ammonia is com- 
pletely decomposed, when there will be a sudden fall in the 
pressure to the value corresponding to the system sAgCl, 
3NH3— AgCl— NH3. The pressure will again remain con- 
stant at constant temperature, until all the ammonia has been 
pumped off, when there will again be a sudden fall in the 
pressure to that of the system formed by solid silver chloride 
in contact with its vapour. 

The reverse changes take place when the pressure of the 
ammonia is gradually increased. If the volume is continuously 
diminished, the pressure will first increase until it has reached 
a certain value; the compound 2AgCl,3NH3 can then be 
formed, and the pressure will now rernain constant until all the 
silver chloride has disappeared. The pressure will again rise, 
until it has reached the value at which the compound AgCl, 
3NH3 can be formed, when it will again remain constant until 
the complete disappearance of the lower compound. There is 
no gradual change of pressure on passing from one system to 
another ; but the changes are abrupt, as is demanded by the 
Phase Rule, and as experiment has conclusively proved.' 

The dissociation pressures of the two compounds of silver 

' Horstmann, Ber., 1876, 9. 749. 
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chloride and ammonia, as determined by Isambert,* are given 
in the following table : — 



AgCl,3NH3. 


2AgCl,3NH3. 


Temperature. , Pressure. 


Temperature. 


Pressure. 


o° 


29-3 cm. 


20-0° 


9 '3 cm. 


10-6° 


50-5 .. 


31-0° 


12-5 ,. 


i7'S° 


65-5 .. 


47-0° 


26-8 „ 


24-0° 


937 .. 


58-5° 


52-8 „ 


z8-o° 


135-5 .. 


69-0° 


78-6 „ 


34-2° 


171-3 ,. 


71-5° 


94-6 „ 


48-5° 


241-4 ., 


77-5° 


119-8 „ 


51-5° 


413-2 „ 


83-5° 


159-3 .. 


54-0° 


464-1 ., 


86-1° 


181-3 .. 






88-5° 


201-3 .. 



The conditions for the formation of these two compounds, 
by passing ammonia over silver chloride, to which reference 
has already been made, will be readily understood from the 
above tables. In the case of the triammonia mono-chloride, 
the dissociation pressure becomes equal to atmospheric pres- 
sure at a temperature of about 20°; above this temperature, 
therefore, it cannot be formed by the action of ammonia at 
atmospheric pressure on silver chloride. The triammonia 
dichloride can, however, be formed, for its dissociation pressure 
at this temperature amounts to only 9 cm., and becomes equal 
to the atmospheric pressure only at a temperature of about 68° ; 
and this temperature, therefore, constitutes the limit above 
which no combination can take place between silver chloride 
and ammonia under atmospheric pressure. 

Attention may be here drawn to the fact, to which reference 
will also be made later, that two solid phases are necessary in 
order that the dissociation pressure at a given temperature shall 
be definite ; and for the exact definition of this pressure it is neces- 
sary to know, not merely what is the substance tmdergoing disso- 
ciation, but also what is the solid product of dissociation formed. 
For the definition of the equilibrium, the latter is as important 
as the former. We shall presently find proof of this in the case 

' Loc, cit. 

G 
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of an analogous class of phenomena, viz. the dissociation of salt 
hydrates. 

Salts with Water of Crystallization. — In the case of the 
dehydration of crystalline salts containing water of crystalliza- 
tion, we meet with phenomena which are in all respects similar 
to those just studied. A salt hydrate on being heated dis- 
sociates into a lower hydrate (or anhydrous salt) and water 
vapour. Since we are dealing with two components — salt and 
water ' — in three phases, viz. hydrate a, hydrate b (or anhy- 
drous salt), and vapour, the system is univariant, and to each 
temperature there will correspond a ceitain, definite vapour 

pressure (the dissociation pres- 
sure), which will be indepen- 
dent of the relative or absolute 
amounts of the phases, i.e. of 
the amount of hydrate which 
has already undergone disso- 
ciation or dehydration. 

The constancy of the dis- 
sociation pressure had been 
proved experimentally by 
several investigators ^ a num- 
ber of years before the theo- 
retical basis for its necessity had been given. In the case of 
salts capable of forming more than one hydrate, we should 
obtain a series of dissociation curves (//-curves), as in the case 
of the different hydrates of copper sulphate. In Fig. ig there 
are represented diagrammatically the vapour-pressure curves 
of the following univariant systems of copper sulphate and 
water : — 

Curve OA : CuS04,5H30:^CuS04,3H,0 -f 2Hi,0. 
Curve OB: CuS0j,3H,0^CuS0j,H,,0 + 2H,0. 
Curve OC : CuS04,H,U % CuSOj -f H.,0. 
Let us now follow the changes which take place on 

' For the reasons for choosing anhydrous salt and water ijistead of 
salt hydrate and water as components, see p. 14. 
^ See Ostwald, Lehrbuch, II. 2. 527. 
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increasing the pressure of the aqueous vapour in contact with 
anhydrous copper sulphate, the temperature being meanwhile 
maintained constant. If, starting from the point D, we slowly 
add water vapour to the system, the pressure will gradually rise, 
without formation of hydrate taking place ; for at pressures 
below the curve OC only the anhydrous salt can exist. At E, 
however, the hydrate CuSOjjHaO will be formed, and as there 
are now three phases present, viz. CUSO4, CuS04,H20, and 
vapour, the system becomes univariant ; and since the tempera- 
ture is constant, the pressure must also be constant. Con- 
tinued addition of vapour will result merely in an increase in 
the amount of the hydrate, and a decrease in the amount of the 
anhydrous salt. When the latter has entirely disappeared, i.e. 
has passed into hydrated salt, the system again becomes bi- 
variant, and passes along the line EF ; the pressure gradually 
increases, therefore, until at F the hydrate 3H2O is formed, and 
the system again becomes univariant ; the three phases present 
are CuS04,H20, CuS04,3H30, vapour. The pressure will 
remain constant, therefore, until the hydrate 1H2O has dis- 
appeared, when it will again increase till G is reached ; here 
the hydrate SH2O is formed, and the pressure once more 
remains constant until the complete disappearance of the 
hydrate 3H2O has taken place. 

Conversely, on dehydrating CuS04,5H20 at constant 
temperature, we should find that the pressure would maintain 
the value corresponding to the dissociation pressure of the 
system CuS04,5H20 — CuS04,3H20^vapour, until all the 
hydrate 5H2O had disappeared; further removal of water 
would then cause the pressure to fall abruptly to the pressure 
of the system CuS04,3H20 — CuS04,H20 — vapour, at which 
value it would again remain constant until the tri-hydrate had 
passed into the monohydrate, when a further sudden diminution 
of the pressure would occur.- This behaviour is represented 
diagrammatically in Fig. 20, the values of the pressure being 
those at 50°. 

Efflorescence. — From Fig. 1 9 we are enabled to predict the 
conditions under which a given hydrated salt will effloresce 
when exposed Jfl the air. We have just learned that copper 
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sulphate pentahydrate, for example, will not be formed unless 
the pressure of the aqueous vapour reaches a certain value ; 

and that conversely, if the 
vapour pressure falls below 
the dissociation pressure of 
the pentahydrate, this salt 
will undergo dehydration. 
From this, then, it is evi- 
dent that a crystalline salt 
hydrate will effloresce when 
exposed to the air, if the 
partial pressure of the water 
vapour in the air is lower 
than the dissociation pres- 
sure of the hydrate. At 
the ordinary temperature the dissociation pressure of copper 
sulphate is less than the pressure of water vapour in the air, 
and therefore copper sulphate does not effloresce. In the case 
of sodium sulphate decahydrate, however, the dissociation 
pressure is greater than the normal vapour pressure in a room, 
and this salt therefore effloresces. 

Indefiniteness of the Vapour Pressure of a Hydrate. — 
Reference has already been made (p. 8i), in the case of the 
ammonia compounds of the metal chlorides, to the importance 
of the solid product of dissociation for the definition of the 
dissociation pressure. Similarly also in the case of a hydrated 
salt. A salt hydrate in contact with vapour constitutes only a 
bivariant system, and can exist therefore at different values 
of temperature and pressure of vapour, as is seen from the 
diagram, Fig. 19. Anhydrous copper sulphate can exist in 
contact with water vapour at all values of temperature and 
pressure lying in the field below the curve OC ; and the hydrate 
CuS04,HoO can exist in contact with vapour at all values of 
temperature and pressure in the field BOC. Similarly, each of 
the other hydrates can exist in contact with vapour at different 
values of temperature and pressure. 

From the Phase Rule, however, we learn that, in order that 
at a given temperature the pressure of a two-component system 
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may be constant, there must be three phases present. Strictly, 
therefore, we can speak only of the vapour pressure of a system ; 
and since, in the cases under discussion, the hydrates dissociate 
into a solid and a vapour, any statement as to the vapour 
pressure of a hydrate has a definite meaning only when the 
second solid J>hase produced by the dissociation is given. The 
everyday custom of speaking of the vapour pressure of a 
hydrated salt acquires a meaning only through the assumption, 
tacitly made, that the second solid phase, or the soHd produced 
by the dehydration of the hydrate, is the next lower hydrate, 
where more hydrates than one exist. That a hydrate always 
dissociates in such a way that the next lower hydrate is formed 
IS, however, by no means certain ; indeed, cases have been met 
with where apparently the anhydrous salt, and not the lower 
hydrate (the existence of which was possible), was produced by 
the dissociation of the higher hydrate.^ 

That a salt hydrate can exhibit different vapour pressures 
according to the solid product of dissociation, can not only be 
proved theoretically, but it has also been shawn experimentally 
to be a fact. Thus CaCl2,6H20 can dissociate into water 
vapour and either of two lower hydrates, each containing four 
molecules of water of crystallization, and designated respectively 
as CaCl2,4H20a, and CaCl2,4H20;8. Roozeboom ^ has shown 
that the vapour pressure which is obtained differs according 
to which of these two hydrates is formed, as can be seen from 
the following figures : — 

Pressure of System. 



Temperature. 


1 






1 CaCla.eHgO ; CaCl2, 


CaCl2,6H20 ; CaCla, 




4H20a ; vapour. 


4H20^ : vapour. 


-15° 


i 

! 0'027 cm. 


0-O22 cm. 





0-092 „ 


0-076 ,, 


+ 10 


0T92 ,, 


0-162 „ 


20 


0-378 „ 


0-315 .. 


25 


0-508 „ 


0-432 .. 


29-2 


— 


0-567 ., 


29-8 


1 0-680 „ 

1 






' Ostwald, Lehrbuch, II. 2. 538. 

' Zeitschr. physikal. Chem., 1889, 4. 43. 
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By reason of the non-recognition of the importance of the 
soUd dissociation product for the definition of the dissociation 
pressure of a salt hydrate, many of the older determinations lose 
much of their value. 

Suspended Transformation. — Just as in systems of one 
component we found that a new phase was not necessarily 
formed when the conditions for its existence were established, 
so also we find that even when the vapour pressure is lowered 
below the dissociation pressure of a system, dissociation does 
not necessarily occur. This is well known in the case of 
Glauber's salt, first observed by Faraday. Undamaged crystals 
of Na-jSOjiioHaO could be kept unchanged in the open air, 
although the vapour pressure of the system Na2S04,ioH20 — 
Na,S04 — vapour is greater than the ordinary pressure of 
aqueous vapour in the air. That is to say, the possibility 
of the formation of the new phase NaaSO^ was given; 
nevertheless this new phase did not appear, and the system 
therefore became metastable, or unstable with respect to the 
anhydrous salt. When, however, a trace of the new phase — 
the anhydrous salt — was brought in contact with the hydrate, 
transformation occurred ; the hydrate effloresced. 

The possibility of suspended transformation or the non- 
formation of the new phases must also be granted in the case 
where the vapour pressure is raised above that corresponding 
to the system hydrate — anhydrous salt (or lower hydrate) 
— vapour; in this case the formation of the higher hydrate 
becomes a possibility, but not a certainty. Although there is 
no example of this known in the case of hydrated salts, the 
suspension of the transformation has been observed in the case 
of the compounds of ammonia with the metal chlorides (p. 79). 
Horstmann,'^ for example, found that the pressure of ammonia 
in contact with 2AgCl,3NH3 could be raised to a value higher 
than the dissociation pressure of AgCljSNH, without this 
compound being formed. We see, therefore, that even when 
the existence of the higher compound in contact with the 
lower became possible, the higher compound was not 
immediately formed. 

' Bci-., 1876, 9. 749. 
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Range of Existence of Hydrates. — In Fig. 19 the vapour 
pressure curves of the different hydrates of copper sulphate are 
represented as maintaining their relative positions throughout 
the whole range of temperatures. - But this is not necessarily 
the case. It is possible that at some temperature the vapour 
pressure curve of a lower hydrate may cut that of a higher 
hydrate. At temperatures above the point of intersection, the 
lower hydrate would have a higher vapour pressure than the 
higher hydrate, and would therefore be metastable with respect 
to the latter. The range of stable existence of the lower hydrate 
would therefore end at the point of intersection. This appears 
to be the case with the two hydrates of sodium sulphate, to 
which reference will be made later.^ 

Constancy of Vapour Pressure and the Formation of Com- 
pounds. — We have seen in the case of the salt hydrates that the 
continued addition of the vapour phase to the system caused 
an increase in the pressure until at a definite value of the 
pressure a hydrate is formed; the pressure then becomes 
constant, and remains so, until one of the solid phases has 
disappeared. Conversely, on withdrawing the vapour phase, 
the pressure remained constant so long as any of the dis- 
sociating compound was present, independently of the degree 
of the decomposition (p. 83). This behaviour, now, has been 
employed for the purpose of determining whether or not definite 
chemical compounds are formed. Should compounds be formed 
between the vapour phase and the solid, then, on continued 
addition or withdrawal of the vapour phase, it will be found 
that the vapour pressure remains constant for a certain time,^ 
and will then suddenly assume a new value, at which it will 
again remain constant. By this method, Ramsay ^ found that 
no definite hydrates were formed in the case of ferric and 
aluminium oxides, but that two are formed in the case of lead 
oxide, viz. zPbOjHaO and sPbCH^O. 

The method has also been applied to the investigation of 
the so-called palladium hydride,' and the results obtained 

' See, for example, van't Hoff, Lectures on Theoretical and Physical 
Chemistry, I. p. 62 (Arnold). ^ Jour. Chem. Soc, 1877, 32, 395. 

' Hoitsetna, Zeitschr. physikal, Chem,, 1895, 17. I. 
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appear to show that no compound is formed. Reference will, 
however, be made to this case later (Chap. X.). 

Measurement of the Vapour Pressure of Hydrates. — For 
the purpose of measuring the small pressures exerted by the 
vapour of salt hydrates, use is very generally made of a 
differential manometer called the Bremer-Frowein tensimeter?- 

This apparatus has the form shown in Fig. 21. It consists 
of a U-tube, the limbs of which are bent close together, and 
placed in front of a millimetre scale. The 
bend of the tube is filled with oil or other 
suitable liquid, e.g. bromonaphthalene. If it 
is desired to measure the dissociation pres- 
sure of, say, a salt hydrate, concentrated sul- 
phuric acid is placed in the flask e, and a 
quantity of the hydrate, well dried and pow- 
dered,^ in the bulb d. The necks of the bulbs 
d and c are then sealed off. Since, as we 
have learned, suspended transformation may 
occur, it is advisable to first partially dehydrate 
the salt, in order to ensure the presence of the 
second solid product of dissociation ; the 
value of the dissociation pressure being in- 
dependent of the degree of dissociation of the 
hydrate (p. 83). The small bulbs d and e 
having been filled, the apparatus is placed on 
its side, so .as to allow the liquid to run from 
the bend of the tube into the bulbs a and b ; 
it is then exhausted through f by means of 
a mercury pump, and sealed off. The ap- 
paratus is now placed in a perpendicular 
position in a thermostat, and kept at constant 
temperature until equilibrium is established. 
Since the vapour pressure on the side containing the sulphuric 
acid may be regarded as zero, the difference in level of the 




Fig. 21. 



' Zeitschr. physikaU Chem., 1887, 1. 5 ; 1S95, 17. 52. 

^ It is important to powdcv the salt, since otherwise the dehydration 
of the hydrate and the production of equilibrium occurs with comparatively 
great tardiness. 
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two surfaces of liquid in the U-tube gives directly the dis- 
sociation pressure of the hydrate in terms of the particular 
liquid employed; if the density of the latter is known, the 
pressure can then be calculated to cm. of mercury. 



CHAPTER VI 

SOLUTIONS 

Definition. — In all the cases which have been considered in 
the preceding pages, the different phases — with the exception 
of the vapour phase — consisted of a single substance of definite 
composition, or were definite chemical individuals.'^ But this 
invariability of the composition is by no means imposed by the 
Phase Rule ; on the contrary, we shall find in the examples 
which we now proceed to study, that the participation of phases 
of variable composition in the equilibrium of a system is in no 
way excluded. To such phases of variable composition there 
is applied the term solution. A solution, therefore, is to be 
defined as a homogmeous mixture, the composition of which' can 
undergo cofttinuo7is variation within certain limits ; the limits, 
namely, of its existence.- 

From this definition we see that the term solution is not 
restricted to any particular physical state of substances, but 
includes within its range not only the liquid, but also the 
gaseous and solid states. We may therefore have solutions of 
gases in liquids, and of gases in solids ; of liquids in liquids or 
in solids ; of soUds in liquids, or of solids in solids. Solutions 
of gases in gases are, of course, also possible ; since, however, 
gas solutions never give rise to more than one phase, their 

' A chemical individual is a substance which persists as ^ phase of 
constant composition when the conditions of temperature, pressure, and 
composition of the other phases present, undergo continuous alteration 
within certain limits — the limits of existence of the substance (Wald, 
Zatschr. physikal. Chem., 1897, 24. 648). 

'^ Van't Hoff, Zatschr. physikal. Chem., iSgo, 5. 323 ; Ostwald, 
Lchrbuch, I. 606. 
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treatment does not come within the scope of the Phase Rule, 
which deals with heterogeneous equilibria. 

It should also be emphasized that the definition of solution 
given above, neither creates nor recognizes any distinction 
between solvent and dissolved substance (solute) ; and, indeed, 
a too persistent use of these terms and the attempt to per- 
manently label the one or other of two components as the 
solvent or the solute, can only obscure the true relationships 
and aggravate the difficulty of their interpretation. In all cases 
it should be remembered that we are dealing with equilibria 
between two components (we confine our attention in the first 
instance to such), the solution being constituted of these com- 
ponents in variable and varying amounts. The change from 
the case where the one component is in great excess (ordinarily 
called the solvent) to that in which the other component pre- 
dominates, may be quite gradual, so that it is difficult or 
impossible to say at what point the one component ceases to 
be the solvent and becomes the solute. The adoption of this 
standpoint need not, however, preclude one from employing 
the conventional terms solvent and solute in ordinary language, 
especially when reference is made only to some particular con- 
dition of equilibrium of the system, when the concentration of 
the two components in the solution is widely different. 

Solutions of Gases in Liquids. 

As the first class of solutions to which we shall turn our 
attention, there may be chosen the solutions of gases in liquids, 
or the equilibria between a liquid and a gas. These equilibria 
really constitute a part of the equilibria to be studied more 
fully in Chapter VIII. ; but since the two-phase systems formed 
by the solutions of gases in liquids are among the best-known 
of the two-component systems, a short section may be here 
allotted to their treatment. 

When a gas is passed into a liquid, absorption takes place 
to a greater or less extent, and a point is at length reached 
when the liquid absorbs no more of the gas; a condition of 
equilibrium is attained, and the liquid is said to be saturated 
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with the gas. In the light of the Phase Rule, now, such a 
system is bivariant (two components in two phases) ; and two 
of the variable factors, pressure, temperature, and concentration 
of the components, must therefore be chosen in order that the 
condition of the system may be defined. If the concentration 
and the temperature are fixed, then the pressure is also defined ; 
or under given conditions of temperature and pressure, the 
concentration of the gas in the solution must have a definite 
value. If, however, the temperature alone is fixed, the con- 
centration and the pressure can alter; a fact so well known 
that it does not require to be further insisted on. 

As to the way in which the solubility of a gas in a liquid 
varies with the pressure, the Phase Rule of course does not 
state; but guidance on this point is again yielded by the 
theorem of van't Hoff and Le Chatelier. Since the absorption 
of^aTgasis in all cases accompanied by a diminution of the 
total volume, this process must take place with increase of 
pressure. This, indeed, is stated in a quantitative manner in 
the law of Henry, according to which the amount of a gas 
absorbed is proportional to the pressure. But this law must be 
modified in the case of gases which are very readily absorbed ; 
the direction of change of concentration with the pressure 
will, however, still be in accordance with the theorem of Le 
Chatelier. 

If, on the other hand, the pressure is fixed, then the con- 
centration will vary with the temperature; and since the 
absorption of gases is in all cases accompanied by the evolution 
of heat, the solubility is found, in accordance with the theorem 
of Le Chatelier, to diminish with rise of temperature. 

In considering the changes of pressure accompanying 
changes of concentration and temperature, a distinction must 
be drawn between the total pressure and the partial pressure of 
the dissolved gas, in cases where the solvent is volatile. In 
these cases, the law of Henry applies not to the total pressure 
of the vapour, but only to the partial pressure of the dissolved 
gas. 
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Solutions of Liquids in Liquids. 

When mercury and water are brought together, the two 
liquids remain side by side without mixing. Strictly speaking, 
mercury undoubtedly dissolves to a certain extent in the water, 
and water no doubt dissolves, although to a less extent, in the 
mercury; the amount of substance passing into solution is, 
however, so minute, that it may, for all practical purposes, be 
left out of account, so long as the temperature does not rise 
much above the ordinary.^ On the other hand, if alcohol and 
water be brought together, complete miscibility takes place, 
and one homogeneous solution is obtained. Whether water be 
added in increasing quantities to pure alcohol, or pure alcohol 
be added in increasing amount to water, at no point, at no 
degree of concentration, is a system obtained containing more 
than one liquid phase. At the ordinary temperature, water and 
alcohol can form only two phases, liquid and vapour. If, 
however, water be added to ether, or if ether be added to 
water, solution will not occur to an indefinite extent; but a 
point will be reached when the water or the ether will no 
longer dissolve more of the other component, and a further 
addition of water on the one hand, or ether on the other, will 
cause the formation of two liquid layers, one containing excess 
of water, the other excess of ether. We shall, therefore, expect 
to find all grades of miscibility, from almost perfect immis- 
cibility to perfect miscibility, or miscibility in all proportions. 
In cases of perfect immiscibility, the components do not affect 
one another, and the system therefore remains unchanged. 
Such cases do not call for treatment here. We have to concern 
ourselves here only with the second and third cases, viz. with 
cases of complete and of partial miscibility. There is no 
essential difference between the two classes, for, as we shall see, 

' That mercury does dissolve in water can be argued from analogy, say, 
with mercury and bromonaphthalene. At the ordinary temperature these 
two liquids appear to be quite insoluble in one another, but at a tem- 
perature of 380° the mercury dissolves in appreciable quantity ; for on heat- 
ing a tube containing bromonaphthalene over mercury the latter sublimes 
through the liquid bromonaphthalene and condenses on the upper surface 
of the tube. 
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the one passes into the other with change of temperature. The 
formal separation into two groups is based on the miscibility 
relations at ordinary temperatures. 

Partial or Limited Miscibility. — In accordance with the 
Phase Rule, a pure liquid in contact with its vapour constitutes 
a univariant system. If, however, a small quantity of a second 
substance is added, which is capable of dissolving in the first, a 
bivariant system will be obtained ; for there are now two com- 
ponents and, as before, only two phases — the homogeneous 
liquid solution and the vapour. At constant temperature, 
therefore, both the composition of the solution and the pres- 
sure of the vapour can undergo change ; or, if the composition 
of the solution remains unchanged, the pressure and the tem- 
perature can alter. If the second (liquid) component is added 
in increasing amount, the liquid will at first remain homogeneous, 
and its composition and pressure will undergo a continuous 
change ; when, however, the concentration has reached a defi- 
nite value, solution no longer takes place ; two liquid phases 
are produced. Since there are now three phases present, two 
liquids and vapour, the system is univariant ; at a given tem- 
perature, therefore, the concentration of the components in the 
two liquid phases, as well as the vapour pressure, must have 
definite values. Addition of one of the components, therefore, 
cannot alter the concentrations or the pressure, but can only cause 
a changg in the relative amounts of the phases. 

The two liquid phases can be regarded, ftie one as a solution 
of the component I. in component II., the other as a solution 
of ccimponent II. in component I. If the pressure is maintained 
constant, then to each temperature there will correspond a 
definite concentration of the components in the two liquid 
phases ; and addition of excess of one will merely alter the 
relative amounts of the two solutions. As the temperature 
changes, the composition of the two solutions will change, 
and there will therefore be obtained two solubility curves, one 
showing the solubility of component I. in component II., the 
other showing the solubility of component II. in component I. 
Since heat may be either evolved or absorbed when one liquid 
dissolves in another, the solubility may diminish or increase 
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with rise of temperature. The two solutions which at a given 
temperature correspond to one another are known as conjugate 
solutions. 

The solubility relations of partially miscible liquids have 
been studied by Guthrie,^ and more especially by Alexejeff ^ 
and by Rothmund.^ A considerable variety of curves have 
been obtained, and we shall therefore discuss only a few of the 
different cases which may be taken as typical of the rest. 

Phenol and Water. — When phenol is added to water at the 
ordinary temperature, solution takes place, and a homogeneous 
liquid is produced. When, however, the concentration of the 
phenol in the solution has risen to about 8 per cent., phenol 
ceases to be dissolved ; and a further addition of it causes the 
formation of a second liquid phase, which consists of excess of 
phenol and a small quantity of water. In ordinary language it 
may be called a solution of water in phenol. If now the tem- 
perature is raised, this second liquid phase will disappear, and 
a further amount of phenol must be added in order to produce 
a separation of the liquid into two layers. In this way, by 
increasing the amount of phenol and noting the temperature at 
which the two layers disappear, the so-called solubility curve of 
phenol in water can be obtained. By noting the change of the 
solubility with the temperature in this manner, it is found that 
at all temperatures below 68'4°, the addition of more than a 
certain amount of phenol causes the formation of two layers ; 
at temperatures abflve this, however, two layers cannot be 
formed, no matter how much phenol is added. At tempera- 
tures above 68'4°, therefore, water and phenol are miscible in 
all proportions. 

On the other hand, if water is added to phenol at the 
ordinary temperature, a liquid is produced which consists 
chiefly of phenol, and on increasing the amount of water 
beyond a certain point, two layers are formed. On raising 
the temperature these two layers disappear, and a homogene- 
ous solution is again obtained. The phenomena are exactly 
analogous to those already described. Since, now, in the second 

' Phil. Mag., 1884, [5], 18. 22 ; 495. " Wied. Annalen, 1886, 28. 305. 

' Zeitschr. physikal. Chem., 1898, 26. 433. 
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case the concentration of the phenol in the solution gradually 
decreases, while in the former case it gradually increases, a 
point must at length be reached at which the composition of 
the two solutions becomes the same. On mixing the two 
solutions, therefore, one homogeneous liquid will be obtained. 
But the point at which two phases become identical is called 
a critical point, so that, in accordance with this definition, the 
temperature at which the two solutions of phenol and water 
become identical may be called the critical solution temperature, 
and the concentration at 




x' x^ this point may be called 

the critical concentration. 

From what has been said 
above, it will be seen that at 
any temperature below the 
critical solution temperature, 
two conjugate solutions con- 
taining water and phenol in 
diiferent concentration can 
exist together, one contain- 
ing excess of water, the 
other excess of phenol. The following table gives the com- 
position of the two layers, and the values are represented 
graphically in Fig. 22} 

Phenol and Water. 

C, is the percentage amount of phenol in the first layer. 
C2 „ „ „ second layer. 



Fig. 22. 



Temperature. 


Ci. 


C2. 
72-2 




20° 


8-5 




30° 


87 


699 




40° 


97 


66-8 




50° 


12-0 


627 




55° 


14-2 


60 




60° 


17-5 


56-2 




65° 


227 


497 




68-4° 


361 


36-1 





Rothmund, loc. cit. 
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The critical solution temperature for phenol and water is 
68'4°, the critical concentration 36'i per cent, of phenol. At 
all temperatures above 68'4'', only homogeneous solutions of 
phenol and water can be obtained ; water and phenol are then 
miscible in all proportions. 

At the critical solution point the system exists in only two 
phases — liquid and vapour. It ought, therefore, to possess 
two degrees of freedom. The restriction is, however, imposed 
that the composition of the two liquid phases is the same, 
and this disposes of one of the degrees of freedom. The 
system is therefore univariant ; and at a given temperature 
the pressure will have a definite value. Conversely, if the 
pressure is fixed (as is the case when the system is under the 
pressure of its own vapour), then the temperature will also be 
fixed ; that is, the critical solution temperature has a definite 
value depending only on the substances. If the vapour phase 
is omitted, the temperature will alter with the pressure ; in this 
case, however, as in the case of other condensed systems, the 
effect of pressure is slight. 

From Fig. 22 it is easy to predict the effect of bringing 
together water and phenol in any given quantities at any tem- 
perature. Start with a solution of phenol and water having the 
composition represented by the point x. If to this solution 
phenol is added at constant temperature, it will dissolve, and 
the composition of the solution will gradually change, as shown 
by the dotted line xy. When, however, the concentration has 
reached the value represented by the point y, two liquid layers 
will be formed, the one solution having the composition repre- 
sented by y, the other that represented by y'. The system is 
now univariant, and on further addition of phenol, the compo- 
sition of the two liquid phases will remain unchanged, but their 
relative amounts will alter. The phase richer in phenol will 
increase in amount ; that richer in water will decrease, and 
ultimately disappear, and there will remain the solution y'. 
Continued addition of phenol will then lead to the point x, 
there being now only one liquid phase present. 

Since the critical solution point represents the highest tem- 
perature at which two liquid phases consisting of, phenol and 

H 
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water can exist together, these two substances can be brought 
together in any amount whatever at temperatures higher than 
68'4°, without the formation of two layers. It will therefore 
be possible to pass from a system represented by x to one 
represented by a:', without at any time two liquid phases ap- 
pearing. Starting with x, the temperature is first raised above 
the critical solution temperature ; phenol is then added until 
the concentration reaches the point x.^. On allowing the tem- 
perature to fall, the system 
will then pass into the con- 
dition represented by oi . 

Methylethyl ketone 
and Water. — In the case 
just described, the solu- 
bility of each component 
in the other increased 
continuously with the 
temperature. There are, 
however, cases where a 
maximum or minimum of 
solubility is found, e.g. 
methylethylketone and 
water. The curve which represents the equilibria between 
these two substances is given in Fig. 23, the concentration 
values being contained in the following table : ' — 

Methylethylketone and Water. 




-10 + 10 20 40 60 80 100120140160 

Fig. 23. 



Temperature. 


Ci per cent. 


C2 per cent. 




- 10° 


34-5 


897 




-1- 10° 


261 


90-0 




30° 


21'9 


89-9 




50° 


17-5 


89-0 




70° 


i6-2 


857 




90° 


i6-i 


84-8 




110° 


177 


So-o 




130° 


21-8 


71 9 




140° 


26-0 


640 




iSrS' 


44 '2 


44-2 






' Rothmund, loc. cit. 
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These numbers and Fig. 23 show clearly the occurrence of 
a minimum in the solubility of the ketone in water, and also a 
minimum (at about 10°) in the solubility of water in methyl- 
ethylketone. Minima of solubility have also been found in 
other cases. 

Triethylamine and Water.— Although in most of the cases 
studied the solubility of one liquid in another increases with 
rise of temperature, this is 
not so in all cases. Thus, 
at temperatures below 18°, 
triethylamine and water 
mix together in all propor- 
tions; but, on raising the 
temperature, the homo- 
geneous solution becomes 
turbid and separates into 
two layers. In this case, 
therefore, the critical solu- 
tion temperature is found 
in the direction of lower 
temperature, not in the 
direction of higher. This behaviour is clearly shown by the 
graphic representation in Fig. 24, and also by the numbers in 
the following table : — 




10'' 20° 30° 40° 50° 60° 70° 80° 90° 

Fig. 24. 



Triethylamine and Water. 



Temperature. 


Ci per cent. 


C2 per cent. 


70° 


1-6 


_ 


50° 


2-9 


— 


30° 


5-6 


96 


25° 


7-3 


95 -5 


20° 


15-5 


73 


+ i8-S° 


+ 30 


±30 



General Form of Concentration-Temperature Curve. — 
From the preceding figures it will be seen that the general 
form of the solubility curve is somewhat parabolic in shape ; 
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in the case of triethylamine and water, the closed end of the 
curve is very flat. Since for all liquids there is a point (critical 
point) at which the liquid and gaseous states become identical, 
and since all gases are miscible in all proportions, it follows 
that there must be some temperature at which the liquids 
become perfectly miscible. In the case of triethylamine and 
water, which has just been considered, there must therefore be 
an upper critical solution temperature, so that the complete 
solubility relations would be represented by a closed curve of 
an ellipsoidal aspect. Although it is possible that this is the 
general form of the curve for all pairs of liquids, there are as 
yet insufficient data to prove it. 

With regard to the closed end of the curve it may be said 
that it is continuous ; the critical solution point is not the inter- 
section of two curves, for such a break in the continuity of the 
curve could occur only if there were some discontinuity in one 
of the phases. No such discontinuity exists. The curve is, 
therefore, not to be considered as two solubility curves cutting 
at a point ; it is a curve of equilibrium between two com- 
ponents, and so long as the phases undergo continuous change, 
the curve representing the equilibrium must also be continuous. 
As has already been emphasized, a distinction between solvent 
and solute is merely conventional (p. 91). 

Pressure - Concentration Diagram..— In considering the 
pressure-concentration diagram of a system of two liquid 
components, a distinction must be drawn between the total 
pressure of the system and the partial pressures of the com- 
ponents. On studying the total pressure of a system, it is 
found that two cases can be obtained. "^ 

So long as there is only one liquid phase, the system is 
bivariant. The pressure therefore can change with the con- 
centration and the temperature. If the temperature is maintained 
constant, the pressure will vary only with the concentration, 
and this variation can therefore be represented by a curve. 
If, however, two hquid phases are formed, the system becomes 
univariant ; and if one of the variables, say the temperature, is 

' Konowalow, IVied. Annalfii, 1881, 14. 219. Ostwald, Lehrbuch, 
II. 2. 687. Bancroft, Phase Rule, p. 96. 
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arbitrarily fixed, the system no longer possesses any degree of 
freedom. When two liquid phases are formed^ therefore, the 
concentrations and the pressure have definite values, which are 
maintained so long as the two liqteid phases are present ; the 
temperature being supposed constant. 

In Fig. 25 is given a diagrammatic representation of the 
two kinds of pressure-concentration curves which have so far 
been obtained. In the 
one case, the pressure of 
the invariant system (at 
constant temperature) lies 
higher than the vapour 
pressure of either of the 
pure components ; a phe- 
nomenon which is very 
generally found in the 
case of partially miscible 
liquids, e.g. ether and 
water.^ Accordingly, by 
the addition of water to 
ether, or of ether to 
water, there is an increase in the total vapour pressure of the 
system. 

With regard to the second type, the vapour pressure of 
the systems with two liquid phases lies between that of the 
two single components. An example of this is found in 
sulphur dioxide and water. ^ On adding sulphur dioxide to 
water there is an increase of the total vapour pressure; but 
on adding water to liquid sulphur dioxide, the total vapour 
pressure is diminished. 

The case that the vapour pressure of the system with two 
liquid phases is less than that of each of the components is not 
possible. 

With regard to the partial pressure of the components, the 
behaviour is more uniform. The partial pressure of one 

' Konowalow, loc. cit. 

* Roozeboom, Zeitschr. physikal. Chcm., 1891, 8. 526; Rec. Trav. 
Chim. Pays-Bas, 1884, 3. 38. 
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component is in all cases lowered by the addition of the other 
component, the diminution being approximately proportional 
to the amount added. - If two liquid phases are present, the 
partial pressure of the components, as well as the total pressure, 
is constant, and is the same for both phases. That is to say, 
in the case of the two Uquids, saturated solution of water in 
ether, and of ether in water, the partial pressure of the ether in 
the vapour in contact with the one solution is the same as that 
in the vapour over the other solution. '^ 

Complete Miscibility. — Although the phenomena of com- 
plete miscibility are here treated under a separate heading, it 
must not be thought that there is any essential difference 
between those cases where the liquids exhibit limited mis- 
cibility and those in which only one homogeneous solution is 
formed. As has been already pointed out, the solubility re- 
lations alter with the temperature ; and liquids which at one 
temperature can dissolve in one another only to a limited 
extent, are found at some other temperature to possess the 
property of complete miscibility. Conversely, we may expect 
that liquids which at one temperature, say at the ordinary 
temperature, are miscible in all proportions, will be found at 
some other temperature to be only partially miscible. Thus, 
for example, it was found by Guthrie that ethyl alcohol and 
carbon disulphide, which are miscible in all proportions at the 
ordinary temperature, possess only limited miscibility at tempera- 
tures below — 14'4°.^ Nevertheless, it is doubtful if the critical 
solution temperature is in all cases experimentally realizable. 

Pressure-Concentration Diagram. — Since, in the cases of 
complete miscibility of two liquid components, there are never 
more than two phases present, the system must always be 
bivariant ; and two of the variables pressure, temperature or 
concentration of the components, must be arbitrarily chosen 
before the system becomes defined. For this reason the Phase 
Rule affords only a slight guidance in the study of such equi- 
libria ; and we shall therefore not enter in detail into the 
behaviour of these homogeneous mixtures. All that the Phase 
Konowalow, loc. cit, Cf. Bancroft, Phase Rule, p. lOO. 
'■ [5]> 18. 503- 
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Rule can tell us in connection with these solutions, is that at 
constant temperature the vapour pressure of the solution varies 
with the composition of the liquid phase ; and if the composi- 
tion of the liquid phase remains unchanged, the pressure also 
must remain unchanged. This constancy of composition is 
exhibited not only by pure liquids, but also by liquid solutions 
in all cases where the vapour pressure of the solution reaches 
a maximum or minimum value. This is the case, for example, 
with mixtures of constant boiling point.* 

' See, for example, Walker, Introduction to Physical Chemistry, p. 81 
(Macmillan, 1899). Consult also Young, Fractional Distillation (Mac- 
millan, 1903), where the subject is fully treated. 



CHAPTER VII 

SOLUTIONS OF SOLIDS IN LIQUIDS, ONLY ONE OF THE 
COMPONENTS BEING VOLATILE 

General. — When a solid is brought uito contact with a liquid 
in which it can dissolve, a certain amount of it passes into 
solution ; and the process continues until the concentration 
reaches a definite value independent of the aipount of solid 
present. A condition of equilibrium is established between 
the solid and the solution ; the solution becomes saturated. 
Since the number of components is two, and the number of 
phases three, viz. solid, liquid solution, vapour, the system is 
univariant. If, therefore, one of the factors, pressure, tempera- 
ture, or concentration of the components (in the solution ^), is 
arbitrarily fixed, the state of the system becomes perfectly 
defined. Thus, at any given temperature, the vapour pressure 
of the system and the concentration of the components have 
a definite value. If the temperature is altered, the vapour 
pressure and also, in general, the concentration will undergo 
change. Likewise, if the pressure varies, while the system is 
isolated so that no heat can pass between it and its surround- 
ings, the concentration and the temperature must also undergo 
variation until they attain values corresponding to the particular 
pressure. 

That the temperature has an influence, sometimes a very 
considerable influence, on the amount of substance passing 
into solution, is sufficiently well known ; the effect of pressure, 
although less apparent, is no less certain. If at any given 
temperature the volume of the vapour phase is diminished, 
• Since this is the only phase of variable composition present. 
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vapour will condense to liquid, in order that the pressure may 
remain constant, and so much of the solid will pass into solu- 
tion that the concentration may remain unchanged; for, so 
long as the three phases are present, the state of the system 
cannot alter. If, however, one of the phases, e.g. the vapour 
phase, disappears, the system becomes bivariant ; at any given 
temperature, therefore, there may be different values of con- 
centration and pressure. 

The direction in which change of concentration will occur 
with change of pressure can be predicted by means of the 
theorem of Le Chatelier, if it is known whether solution is 
accompanied by increase or diminution of the total volume. 
If a solid dissolves with diminution of volume, increase of 
pressure will increase the solubility; in the reverse case, 
increase of pressure will diminish the solubility. 

This conclusion has also been verified by experiment, as is 
shown by the following figures."^ 





Change of 

volume by 

dissolving i gm. 

of salt in the 

saturated 

solution. 


Solubility (at 18°) (grams salt in 
I gram of solution> 


Salt. 


' Pressure ■ Pressure 
= iatm. 1 =500 atm. 


Sodium chloride . . . 
Ammonium chloride . . 
Alum 


— 0-07 

-t-o-io 

— 0-067 


0-264 
0272 
0-115 


0-270 

0-258 

0-142 

(p = 400 atm.) 



As can be seen, a large increase of the pressure brings 
about a no more than appreciable alteration of the solubility ; 
a result which is due, as in the case of the alteration of the 
fusion point with the pressure, to the small change in volume 
accompanying solution or increase of pressure. For all prac- 
tical purposes, therefore, the solubility as determined under 
atmospheric pressure may be taken as equal to the true 

' E, von Slackelberg, Zeitschr. physikal. Chem., 1896, 20. 337. If the 
change of volume which accompanies solution, and the heat effect are 
known, the quantitative change of the solubility with the pressure can be 
calculated (Braun, Zeitschr. physikal. Chem., 1887, 1. 259). 
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solubility, that is, the solubility when the system is under the 
pressure of its own vapour. 

The Saturated Solution. — From what has been said above, 
it will be seen that the condition of saturation of a solution 
can be defined only with respect to a certain solid phase ; if 
no solid is present, the system is undefined, for it then consists 
of only two phases, and is therefore bivariant. Under such 
circumstances not only can there be at one given temperature 
solutions of different concentration, all containing less of one 
of the components than when that component is present in the 
solid form, but there can also exist solutions containing more 
of that component than corresponds to the equilibrium when 
the solid is present. In the former case the solutions are 
unsaturated, in the latter case they are supersaturated with 
respect to a certain solid phase ; in themselves, the solutions are 
stable, and are neither unsaturated nor supersaturated. Further, 
if the solid substance can exist in different allotropic modifica- 
tions, the particular form of the substance which is in equilibrium 
with the solution must be known, in order that the statement 
of the solubility may be definite ; for each form has its own 
solubility, and, as we shall see presently, the less stable form 
has the greater solubility (cf. p. 45). In all determinations 
of the solubility, therefore, not only must the concentration 
of the components in the solution be determined, but equal 
importance should be attached to the characterisation of the 
solid phase present. 

In this connection, also, one other point may be emphasised. 
For the production of the equilibrium between a solid and a 
liquid, time is necessary, and this time not only varies with 
the state of division of the solid and the efficiency of the 
stirring, but is also dependent on the nature of the substance.^ 
Considerable care must therefore be taken that sufficient time 
is allowed for equilibrium to be established. Such care is 
more especially needful when changes may occur in the solid 
phase, and neglect of it has greatly diminished the value of 
many of the older determinations of solubility. 

Form of the Solubility Curve. — The solubility curve— that 

' Van't Hoff, Arch, nkrland. 1901 [2], 6. 471. 
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is, the curve representing the change of concentration of the 
components in the solution with the temperature — differs 
markedly from the curve of vapour pressure (p. 61), in that it 
possesses no general form, but may vary in the most diverse 
manner. Not only may the curve have an almost straight and 
horizontal course, or slope or curve upwards at varying angles; 
but it may even slope downwards, corresponding to a decrease 
in the solubility with rise of temperature ; may exhibit maxima 
or minima of solubility, or may, as in the case of some hydrated 
salts, pass through a point of maximum temperature. In the 
latter case the salt may possess two values of solubility at 
the same temperature. We shall consider these cases in the 
following chapter. 

The gre^t variety of form shown by solubility curves is at 
once apparent from Fig. 26, in which the solubility curves of 
various substances (not, 
however, drawn to scale) 
are reproduced.^ 

Varied as is the form 
of the solubility curve, its 
direction, nevertheless, can 
be predicted by means of 
the theorem of van't Hofif" 
and Le Chatelier; for in 
accordance with that theo- 
rem (p. 55) increase of 
solubility with the tem- 
perature must occur in 
those cases where the pro- 
cess of solution is accom- 
panied by an absorption of 
heat ; and a decrease in the solubility with rise of temperature 
will be found in cases where solution occurs with evolution of 
heat. Where there is no heat effect accompanying solution, 

' Tilden and Shenstone, Phil. Trans. 1884, 175. 23 ; Hulett and 
Allen, Jour. Amer. Chem. Soc. 1902, 24. 667 ; Andrea, Jour. prak. Chem. 
137. 474 ; Lumsden, Jour. Chem. Soc, 1902, 81. 350 ; Mylius and v. 
Wrochem, Ber. 1900, 33. 3689. 




Temperature 
Fig. 26. 
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change of temperature will be without influence on the solu- 
bility; and if the sign of the heat of solution changes, the 
direction of the solubility curve must also change, i.e. must 
show a maximum or minimum point. This has in all cases 
been verified by experiment.^ 

In applying the theorem of Le Chatelier to the course of 
the solubility curve, it should be noted that by heat of solution 
there is meant, not the heat effect produced on dissolving the 
salt in a large amount of solvent (which is the usual signification 
of the expression), but the heat which is absorbed or evolved 
when the salt is dissolved in the almost saturated solution (the 
so-called last heat of solution). Not only does the heat effect 
in the two cases have a different value, but it may even have 
a different sign. A striking example of this is afforded by 
cupric chloride, as the following figures show : ^ — 



Number of gram-niolecule= 

CuCl^, 2H2O dissolved in 

gram-molecules of water. 


■ of 
198 


Heat effect. 




I 

2 '02 




+ 37 K 
+66 „ 




4-15 
7-07 

9'95 
II 
i8-8 




+ 105 „ 

+ 117 ., 

+ 117 „ 

+91 „ 

-10 „ 




19-6 
24-75 




~3' " 
-198 „ 





In the above table the positive sign indicates evolution of 
heat, the negative sign, absorption of heat ; and the values of 
the heat effect are expressed in centuple calories. Judging 
from the heat effect produced on dissolving cupric chloride in 
a large bulk of water, we should predict that the solubility of 
that salt would diminish with rise of temperature ; as a matter 
of fact, it increases. This is in accordance with the fact that 

' E. von Stackelberg, ZfAj-cZ/r./Zyj/Z-fl/. Chem. 1896,20. 159; 1898,26. 
533; Lumsden, Jour. Chem. Soc, 1902, 81. 350; HoUboer, Zeitschr. 
physikal. Chcin., 1902, 39. 691. 

Reicher and van Deventer, Ziitschr. pJiy'sikal. Chciii. 1890, 5. 559 ; cf. 
Ostvvald, Lchrbuch, II. 2. 803. 
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the last heat of solution is negative (as expressed above), i.e. 
solution of the salt in the almost saturated solution is accom- 
panied by absorption of heat. We are led to expect this from 
the fact that the heat of solution changes sign from positive 
to negative as the concentration increases; experiment also 
showed it to be the case 

Despite its many forms, it should be particularly noted that 
the solubility curve of any substance is continuous, so long as 
the solid phase, or solid substance in contact with the solution, 
remains unchanged. If any " break " or discontinuous change 
in the direction of the curve occurs, it is a sign that the solid 
phase has undergone alteration. Conversely, if it is known that 
a change takes place in the solid phase, a break in the solu- 
bility curve can be predicted. We shall presently meet with 
examples of this.^ 

A. — Anhydrous Salt and Water. 

The Solubility Curve.— In studying the equilibria in those 
systems of two components in which the liquid phase is a 
solution or phase of varying composition, we shall in the 
present chapter limit the discussion to those cases where no 
compounds are formed, but where the components crystallise 
out in the pure state. Since some of the best-known examples 
of such systems are yielded by the solutions of anhydrous salts 
in water, we shall first of all briefly consider some of the 
results which have been obtained with them. 

For the most part the solubility curves have been studied 
only at temperatures lying between o"^ and 100°, the solid phase 
in contact with the solution being the anhydrous salt. For the 
representation of these equilibria, the concentration-temperature 

' It has been shown that the formula of Ramsay and Young (p. 64) 
can be applied (with certain restrictions) to the interpolation and extra- 
polation of the solubility curve of a substance provided two (or three) 
points on the curve are known. In this case T, Tj, etc., refer to the tem- 
peratures at which the two substances — one the solubility curve of which is 
known, the other the solubility curve of which is to be calculated— have 
equal solubilities, instead of, as in the previous case, equal vapour pressures. 
(Findlay, Proc. Roy. Soc, 1902, 69. 471 ; Zeitschr. physikal. Chem., 1903, 
42. no.) 
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diagram is employed, the concentration being expressed as the 
number of grams of the salt dissolved in loo grams of water, 
or as the number of gram-molecules of salt in loo gram- 
molecules of water. The curves thus obtained exhibit the 
different forms to which reference has already been made. So 
long as the salt remains unchanged the curve will be continuous, 
but if the salt alters its form, then the solubility curve will show 
a break. 

Now, we have already seen in Chapter III. that certain 
substances are capable of existing in various crystalline forms, 
and these forms are so related to one another that at a given 
temperature the relative stability of each pair of polymorphic 
forms undergoes change. Since each crystalline variety of a 
substance must have its own solubility, there must be a break 
in the solubility curve at the temperature of transition of the 
two enantiotropic forms. At this point the two solubility 
curves rauft cut, for since the two forms are in equilibrium 
with respect to their vapour, they must also be in equilibrium 
with respect to their solutions. From the table on p. 6i it 
is seen that potassium nitrate, ammonium nitrate, silver nitrate, 
thallium nitrate, thallium picrate, are capable of existing in two 

or more different enantio- 
tropic crystalline forms, the 
range of stability of these 
forms being limited by defi- 
nite temperatures (transition 
temperature). Since the tran- 
sition point is not altered by 
a solvent (provided the latter 
is not absorbed by the solid 
phase), we should find on 
studying the solubility of 
these substances in water 
that the solubility curve would 
exhibit a change in direction 
at the temperature of transition. As a matter of fact this has 
been verified, more especially in the case of ammonium nitrate > 
' W. MuUer and P. Kaufmann, Zeitschr. phy^ikal. Chem. 1903, 42. 497. 
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and thallium picrate.' The following table contains the values 
of the solubility of ammonium nitrate obtained by Miiller and 
Kaufmann, the solubility being expressed in gram-molecules 
NH4NO3 in 100 gram-molecules of water. In Fig. 27 these 
results are represented graphically. The equilibrium point was 
approached both from the side of unsaturation and of super- 
saturation, and the condition of equilibrium was controlled by 
determinations of the density of the solution. 



Solubility of Ammonium Nitrate. 



Temperature. 


Solubility. 


Temperature. 


Solubility. 




12-2° 


34'5o 


32-7° 


KT 




20 -2° 


43' 30 


34-0° 


58-89 




25-05° 


, 48-19 


35-0° 


59-80 




28-0° 


51-86 


36-0° 


61-00 




30-0° 


54 '40 


37-5° 


62-90 




302° 


54-61 


38-0° 


63-60 




31-9° 


57-20 


39-o° 


65-09 




32-1° 


57-60 


40-0° 


66-80 





From the graphic representation of the solubility given in 
Fig. 27, there is seen to be a distinct change in the direction 
of the curve at a temperature of 32°; and this break in the 
curve corresponds to the transition of the /3-rhombic into the 
a rhombic form of ammonium nitrate (p. 61). 

Suspended Transformation and Supersaturation. — As has 
already been learned, the transformation of the one crystalline 
form into the other does not necessarily take place immediately 
the transition point has been passed ; and it has therefore been 
found possible in a number of cases to follow the solubility 
curve of a given crystalline form beyond the point at which it 
ceases to be the most stable modification. Now, it will be 
readily seen from Fig. 27 that if the two solubility curves be 
prolonged beyond the point of intersection, the solubility of 
the less stable form is greater than that of the more stable. 
A solution, therefore, which is saturated with respect to the 
less stable form, i.e. which is in equilibrium -with that form, is 

' W. O. Rabe, Zeitsehr. physikal. Chem. 1901, 88. 175. 
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supersaturated with respect to the more stable modification. If, 
therefore, a small quantity of the more stable form is intro- 
duced into the solution, the latter must deposit such an amount 
of the more stable form that the concentration of the solution 
corresponds to the solubility of the stable form at the particular 
temperature. Since, however, the solution is now unsaturated 
with respect to the less stable variety, the latter, if present, 
must pass into solution ; and the two processes, deposition of 
the stable and solution of the metastable form, must go on 
until the latter form has entirely disappeared and a saturated 
solution of the stable form is obtained. There will thus be a 
conversion, through the medium of the solvent, of the less 
stable into the more stable modification. This behaviour is of 
practical importance in the determination of transition points 
{v. Appendix). , 

From the above discussion it will be seen how important 
the statement of the solid phase is for the definition of satura- 
tion and supersaturation. 

Solubility Curve at Higher Temperatures. — On passing 
to the consideration of the solubility curves at higher tempera- 
tures, two chief cases must be distinguished. 

(i) The two components in the fused state can mix in all 
proportions. 

(2) The two components in the fused state cannot mix in 
all proportions. 

I. Complete Miscibility of tJie Fused Compo7ients. 

The best example of this which has been studied, so far as 
anhydrous salts and water are concerned, is that of silver 



^ 100 

a = 90 

Oi §70 



71Z 



I -20-10° 0° 20" 40" 80° 80° 100° 120° 1+0° 160° 180" 200° 



Fig. 28. 



nitrate and water. The solubihty of this salt at temperatures 
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above 100° has been studied chiefly by Etard ' and by Tilden 
and Shenstone.^ The vahies obtained by Etard are given in 
the following table, and represented graphically in Fig. 28. 

Solubility of Silver Nitrate. 



Temperature. 


Parts of dry salt in loo parts 
of solution. 


-7° 


46'2 


-1° 


S2-I 


+5° 


56-3 


10° 


61 -2 


20° 


67-8 


40-5° 


76-8 


73° 


84-0 


135° 


92-8 


182° 


96-9 



In this figure the composition of the solution is expressed in 
parts of silver nitrate in 100 parts by weight of the solution, 
so that 100 per cent, represents pure silver nitrate. As can 
be seen, the solubility increases with the temperature. At a 
temperature of about 160° there should be a break in the curve 
due to change of crystalline form (p. 61). Such a change in 
the direction of the solubility curve, however, does not in any 
way alter the essential nature of the relationships discussed 
here, and may for the present be left out of account. On 
following the solubility curve of silver nitrate to higher tempera- 
tures, therefore, the concentration of silver nitrate in the 
solution gradually increases, until at last, at a temperature of 
208°,^ the melting point of pure silver nitrate is reached, and 
the concentration of the water has become zero. The curve 
throughout its whole extent represents the equilibrium between 
silver nitrate, solution, and vapour. Conversely, starting with 
pure silver nitrate in contact with the fused salt, addition of 
water will lower the melting point, i.e. will lower the tempera- 
ture at which the solid salt can exist in contact with the liquid ; 

' Atmales chim. phys., 1894 [7], 2. 524. 

"^ Phil. Trans., 1884, 175. 23. 

' Hissink, Zeitschr. physikal. Chem., 1900, 32. 543, 
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and the depression will be all the greater the larger the amount 
of water added. As the concentration of the water in the 
liquid phase is increased, therefore, the system will pass back 
along the curve from higher to lower temperatures, and from 
greater to smaller concentrations of silver nitrate in the liquid 
phase. The curve in Fig. 28 may, therefore, be regarded 
either as the solubility curve of silver nitrate in water, or as 
the freezing point curve for silver nitrate in contact with a 
solution consisting of that salt and water. 

As the temperature of the saturated solution falls, silver 
nitrate is deposited, and on lowering the temperature sufificiently 
a point will at last be reached at which ice also begins to 
separate out. Since there are now four phases co-existing, 
viz. silver nitrate, ice, solution, vapour, the system is invariant, 
and the point is a quadruple point. This quadruple point, 
therefore, forms the lower limit of the solubility curve of silver 
nitrate. Below this point the solution becomes metastable. 

Ice as Solid Phase. — Ice melts or is in equilibrium with 
water at a temperature of 0°. The melting point, will, how- 
ever, be lowered by the solution of silver nitrate in the water; 
and the greater the concentration of the salt in the solution 
the greater will be the depression of the temperature of equilib- 
rium. On continuing the addition of silver nitrate, a point 
will at length be reached at which the salt is no longer dissolved, 
but remains in the solid form along with the ice. We again 
obtain, therefore, the invariant system ice — salt — solution — 
vapour. The temperature at which this invariant system can 
exist has been found by Middelberg^ to be -7 "3°, the solution 
at this point containing 47 'i per cent, of silver nitrate. 

The same general behaviour will be found in the case of 
all other systems of two components belonging to this class ; 
that is, in the case of systems from which the components 
crystallise out in the pure state, and in which the fused com- 
ponents are miscible in all proportions. In all such cases, 
therefore, the solubility curves (curves of equilibrium) can be 
represented diagrammatically as in Fig. 29. In this figure OA 
represents the solubihty curve of the salt, and OB the freezing 

' Zeitschr. physikal. Chem., 1903, 43. 313. 
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point curve of ice. O is the quadruple point at which the 
invariant system exists, and may be regarded as the point of 
intersection of the solu- 
bility curve with the 
freezing - point curve. 
Since this point is fixed, 
the condition of the 
system as regards tem- 
perature, vapour pres- 
sure, and concentration 
of the components (or 
composition of the so- °° 

lution), is perfectly de- ' "' 

finite. From the way, also, in which the condition is attained, 
it is evident that the quadruple point is the lowest temperature 
that can be obtained with mixtures of the two components in 
presence of vapour. It is known as the cryohydric point, or, 
generally, the eutectic point} 

Cryohydrates.^ — On cooling a solution of common salt in 
water to a temperature of -3°, Guthrie observed that the hydrate 
NaCl,2H20 separated out. This salt continued to be de- 
posited until at a temperature of -22° opaque crystals made 
their appearance, and the liquid passed into the solid state 
without change of temperature. A similar behaviour was 
found by Guthrie in the case of a large number of other salts, 
a temperature below that of the melting point of ice being 
reached at which on continued withdrawal of heat, the solution 
solidified at a constant temperature. When the system had 
attained this minimum temperature, it was found that the 
composition of the soUd and the liquid phases was the same, 
and remained unchanged throughout the period of solidification. 
This is shown by the following figures, which give the com- 
position of different samples of the solid phase deposited from 
the solution at constant temperature.^ 

' Guthrie, Phil. Mag., 1875, [4], 49. i ; 1884, [5], 17. 462. 
= See Roloff, Zdtschr. physikal. Chem., 1895, 17. 325 ; Guthrie, 
loc. cit. 

= Guthrie, Phil. Mag., loc. cit. Cf. Ostwald, Lehrbuch, II. 3. 843. 
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Temperature of 
solidification. 


ISFaCl. 
Per cent. 


- 21° to - 22° 
-22° 
-22° 
_230 

-23° 
-23° 


23-72 
23-66 

2373 
23-82 

2334 
23-35 



Mean 



23-6 



Conversely, a mixture of ice and salt containing 23-6 per 
cent, of sodium chloride -will melt at a definite and constant 
temperature, and exhibit, therefore, a behaviour supposed to 
be characteristic of a pure chemical compound. This, then, 
combined -with the fact that the solid -^'hich -was deposited 
was crystalline, and that the same constant temperature -was 
attained, no matter -with -what proportions of water and salt 
one started, led Guthrie to the belief that the solids which 
thus separated at constant temperature were definite chemical 
compounds, to which he gave the general name cryohydrate. 
A large number of such cryohydrates were prepared and 
analysed by Guthrie, and a few of these are given in the 
following table, together with the temperature of the cryohydric 
point : ' — 

Cryohydrates. 



Salt. 



Sodium bromide . 
Sodium chloride . . 
Potassium iodide . 
Sodium nitrate 
Ammonium sulphate 
Ammonium chloride 
Sodium iodide . . 
Potassium bromide . 
Potassium chloride . 
Magnesium sulphate 
Potassium nitrate 
Sodium sulphate . . 



Cryohydric point. 



•24" 
■22° 
■22° 

■ 17-5° 

■17° 

-15° 

•15° 

-13° 

•11-4° 

- 5° 
-2-6° 

-0-7° 



Percentage of anhydrous 
salt in the cryohydrate. 



4f3i 
23 60 
52-07 
40-80 
41-70 
19-27 

59-45 
32-15 
20-03 
21-86 
11-20 
4-55 



Guthrie, Phil. Mag., 1875 [4], 49. 269. 
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The chemical individuality of these cryohydrates was, 
however, called in question by Pfaundler,^ and disproved by 
Offer,^ who showed that in spite of the constancy of the melt- 
ing point, the cryohydrates had the properties, not of definite 
chemical compounds, but of mixtures ; the arguments given 
being that the heat of solution and the specific volume are 
the same for the cryohydrate as for a mixture of ice and salt 
of the same composition ; and it was further shown that the 
cryohydrate had not a definite crystalline form, but separated 
out as an opaque mass containing the two components in 
close juxtaposition. The heterogeneous nature of cryohydrates 
can also be shown by a microscopical examination. 

At the cryohydric point, therefore, we are not dealing with 
a single solid phase, but with two solid phases, ice and salt ; 
the cryohydric point, therefore, as already stated, is a quadruple 
point and represents an invariant system. 

Although on cooling a solution to the cryohydric point, 
separation of ice may occur, it will not necessarily take place ; 
the system may become metastable. Similarly, separation of 
salt may not take place immediately the cryohydric point is 
reached. It will, therefore, be possible to follow the curves 
BO and AO beyond the quadruple point,'' which is thereby 
clearly seen to be the point of intersection of the solubility 
curve of the salt and the freezing-point curve of ice. At this 
point, also, the curves of the univariant systems ice — salt — 
vapour and ice — salt — solution intersect. 

Changes at the Quadruple Point. — Since the invariant 
system ice — salt — solution — vapour can exist only at a definite 
temperature, addition or withdrawal of heat must cause the 
disappearance of one of the phases, whereby the system will 
become univariant. So long as all four phases are present 
the temperature, pressure, and concentration of the components 
in the solution must remain constant. When, therefore, heat 
is added to or withdrawn from the system, mutually compen- 
satory changes will take place within the system whereby the 

' Ber., 1877, 20. 2223. 

2 Sitz.-Ber. Wien. Akad., 1880, 81. 11. 1058. 

= Guthrie, P/iil. Mag., 1875 [4], 49. 206. 
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condition of the latter is preserved. These changes can in all 
cases be foreseen with the help of the theorem of van't Hoff 
and Le Chatelier; and, after what was said in Chap. IV., need 
only be briefly referred to here. In the first place, addition 
of heat will cause ice to melt, and the concentration of the 
solution will be thereby altered ; salt must therefore dissolve 
until the original concentration is reached, and the heat of 
fusion of ice will be counteracted by the heat of solution of 
the salt. Changes of volume of the solid and liquid phases 
must also be taken into account ; an alteration in the volume 
of these phases being compensated by condensation or evapora- 
tion. All four phases will therefore be involved in the change, 
and the final state of the system, will be dependent on the 
amounts of the different phases present ; the ultimate result of 
addition or withdrawal of heat or of change of pressure at the 
quadruple point will be one of the four univariant systems : 
ice — solution — vapour; salt — solution — vapour; ice — salt — 
vapour ; ice — salt — solution. If the vapour phase disappear, 
there will be left the univariant system ice — salt — solution, and 
the temperature at which this system can exist will alter with 
the pressure. Since in this case the influence of pressure is 
comparatively slight, the temperature of the quadruple point 
will differ only slightly from that of the cryohydric point as 
determined under atmospheric pressure. 

Freezing Mixtures. — Not only will the composition of a 
univariant system undergo change when the temperature is 
varied, but, conversely, if the composition of the system is 
caused to change, corresponding changes of temperature must 
ensue. Thus, if ice is added to the univariant system salt — 
solution — vapour, the ice must melt and the temperature fall ; 
and if sufficient ice is added, the temperature of the cryohydric 
point must be at length reached, for it is only at this tempera- 
ture that the four phases ice — salt — solution — vapour can co- 
exist. Or, on the other hand, if salt is added to the system 
ice — solution — vapour, the concentration of the solution will 
increase, ice must melt, and the temperature must thereby fall ; 
and this process also will go on until the cryohydric point is 
reached. In both cases ice melts and there is a change in the 
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composition of the solution; in the former case, salt will be 
deposited ' because the solubility diminishes as the temperature 
falls ; in the latter, salt will pass into solution. This process 
may be accompanied either by an evolution or, more generally, 
by absorption of heat ; in the former case the effect of the 
addition of ice will be partially counteracted; in the latter 
case it will be augmented. 

These principles are made use of in the preparation of 
freezing mixtures. The lowest temperature which can be 
reached by means of these (under atmospheric pressure) is the 
cryohydric point. This temperature-minimum is, however, 
not always attained in the preparation of a freezing mixture, 
and that for various reasons. The chief of these are 
radiation and the heat absorbed in cooling the solution pro- 
duced. The lower the temperature falls, the more rapid does 
the radiation become ; and the rate at which the temperature 
sinks decreases as the amount of solution increases. Both 
these factors counteract the effect of the latent heat of fusion 
and the heat of solution, so that a point is reached (which may 
lie considerably above the cryohydric point) at which the two 
opposing influences balance. The absorption of heat by the 
solution can be diminished by allowing-the solution to dram 
off as fast as it is produced ; and the effect of radiation can be 
partially annulled by increasing the rate of cooling. This can 
be done by the more intimate mixing of the components. 
Since, under atmospheric pressure, the temperature of the 
cryohydric point isconstant, the cryohydrates are very valuable 
for the production of baths of constant low temperature. 

2. Partial Miscibility of the Fused Components. 

On passing to the study of the second class of systems of 
fwo components belonging to this group, namely, those in 
which the fused components are not miscible in all propor- 
tions, we find that the relationships are not quite so simple as 

' If in the neighbourhood of the cryohydric point solution should be 
accompanied by an evolution of heat, then, as the solubility would in that 
case increase with fall of temperature, salt would pass into solution. 



I20 THE PHASE RULE 

in the case of silver nitrate and water. In the latter case, only 
one liquid phase was possible ; in the cases now to be studied, 
two liquid phases can be formed, and there is a marked dis- 
continuity in the solubility curve on passing from the cryohydric 
point to the melting point of the second (non-volatile) com- 
ponent. 

Paratoluidine dissolves in water, and the solubility increases 
as the temperature rises. ^ At 44'2°, however, paratoluidine in 
contact with water melts, and two liquid phases are formed, 
viz. a solution of water in fused paratoluidine and a solution 
of fused paratoluidine in water. We have, therefore, the phe- 
nomenon of melting under the solvent. This melting point will, 
of course, be lower than the melting point of the pure substance. 
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because the solid is now in contact with a solution, and, as we 
have already seen, addition of a foreign substance lowers the 
melting point. Such cases of melting under the solvent are by 
no means rare, and a review of the relationships met with may, 
therefore, be undertaken here. As an example, there may be 
chosen the equilibrium between succinic nitrile, C.jH4(CN).2 and 
w.iter, which has been fully studied by Schreinemakers.^ 

If to the system ice — water at 0° succinic nitrile is added, 
the temperature will fall ; and continued addition of the nitrile 
will lead at last to the cryohydric point /; (Fig. 30), at which 
solid nitrile, ice, solution, and vapour can coexist. The tem- 
perature of the cryohydric point is -i'2°, and the composition 
of the solution is i'29 mol. of nitrile in 100 mol. of solution. 

' Walker, ZntscJir. physiknl. C/u'iii., 1890, 5. 193. 
" Zeitsdir. physilial. Cliem., 1897, 23. 418. 
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From atod the solid phase in contact with the solution is ice. 
If the temperature be now raised so as to cause the disappear- 
ance of the ice, and the addition of nitrile be continued, the 
concentration of the nitrile in the solution will increase as 
represented by the curve dc. At the point c (i8'5°), when the 
concentration of the nitrile in the solution has increased to 25 
molecules per cent., the nitrile melts and two liquid phases are 
formed ; the concentration of the nitrile in these two phases is 
given by the points c and c. As there are now four phases 
present, viz. solid nitrile, solution of fused nitrile in water, 
solution of water in fused nitrile, and vapour, the system is 
invariant Since at this point the concentration, temperature, 
and pressure are completely defined, a further increase in the 
amount of nitrile can only cause a change in the relative 
amounts of the phases, hit no variation of the concentrations of 
the respective phases. As a matter of fact, continued addition 
of nitrile will cause an increase in the amount of the liquid 
phase containing excess of nitrile (z>. the solution of water in 
fused nitrile), whereas the other liquid phase, the solution of 
fused nitrile in water, will gradually disappear. When it has 
completely disappeared, the .system will be represented by the 
point d , where the molecular concentration of nitrile is now 75 
per cent., and again becomes univariant, the three phases being 
solid nitrile, liquid phase containing excess of nitrile, and 
vapour; and as the amount of the water is diminished the 
temperature of equilibrium rises, until at 54° the melting point 
of the pure nitrile is reached. 

Return now to the point c. At this point there exists the 
invariant system solid nitrile, two liquid phases, vapour. If 
heat be added, the solid nitrile will disappear, and there will be 
left the univariant system, consisting of two liquid phases and 
vapour. Such a system will exhibit relationships similar to 
those already studied in the previous chapter. As the tem- 
perature rises, the mutual solubility of the two fused com- 
ponents becomes greater, until at d (5S'5°) the critical solution 
temperature is reached, and the fused components become 
miscible in all proportions. 

At all temperatures and concentrations lying to the right 
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of the curve abcdde there can be only one liquid phase ; in the 
field cdc' there are two liquid phases. 

From the figure it will be easy to see what will be the 
result of bringing together succinic nitrile and water at different 
temperatures and in different amounts. Since b is the lowest 
temperature at which liquid can exist in stable equilibrium with 
solid, ice and succinic nitrile can be mixed in any proportions 
at temperatures below b without undergoing change. Between 
b and c succinic nitrile will be dissolved until the concentration 
reaches the value on the curve be, corresponding to the given 
temperature. On adding the nitrile to water at temperatures 
between c and d, it will dissolve until a concentration lying on 
the curve cd is attained ; at this point two liquid phases will be 
formed, and further addition of nitrile will cause the one liquid 
phase (that containing excess of nitrile) to increase, while the 
other liquid phase will decrease, until it finally disappears and 
there is only one liquid phase left, that containing excess of 
nitrile. This can dissolve further quantities of the nitrile, and 
the concentration will increase until the curve ce is reached, 
when the concentration will remain unchanged, and addition of 
solid will merely increase the amount of the solid phase. 

If a solution represented by any point in the field lying 
below the curve bed is heated to a temperature above d, the 
critical solution temperature, then the concentration of the 
nitrile can be increased to any desired amount without at any 
time two liquid phases making their appearance ; the system 
can then be cooled down to a temperature represented by any 
point between the curves dc'e. In this way it is possible to 
pass continuously from a solution containing excess of one 
component to solutions containing excess of the other, as 
represented by the dotted line xxxx (i<. p. 98). At no point 
is there formation of two liquid phases. 

Svipersaturation. — Just as suspended transformation is rarely 
met with in the passage from the solid to the liquid state, so 
also it is found in the case of the melting of substances under 
the solvent that suspended fusion does not occur; but that 
when the temperature of the invariant point is reached at 
which, therefore, the formation of two liquid layers is possible. 
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these two liquid layers, as a matter of fact, make their appear- 
ance. Suspended transformation can, however, take place 
from the side of the liquid phase, just as water or other liquid 
can be cooled below the normal freezing point without solidifi- 
cation occurring. The question, therefore, arises as to the 
relative solubilities of the solid and the supercooled liquid at 
the same temperature. 

The answer to this question can at once be given from 
what we have already learned (p. in), if we recollect that at 
temperatures below the point of fusion under the solvent, the 
solid form, at temperatures above that point, the liquid form, 
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6, b, awl c,c — solid J 
Fig. 31. 

is the more stable ; at this temperature, therefore, the relative 
stability of the solid and liquid forms changes. Since, as we 
have already seen, the less stable form has the greater solu- 
bility, it follows that the supercooled liquid, being the less stable 
form, must have the greater solubility. This was first proved 
experimentally by AlexejefT^ in the case of benzoic acid and 
water, the solubility curves for which are given in Fig. 31. As 
can be seen from the figure, the prolongation of the curve for 
liquid — liquid, which represents the solubility of the supercooled 
liquid benzoic acid, lies above that for the solubility of the 

' Wied. Annalen, 1886, 28. 328. Cf. Ostwald, Lehrbuch, II. 2. 872. 
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solid benzoic acid in water ; the solution saturated with respect 
to the supercooled liquid is therefore supersaturated with respect 
to the solid form. A similar behaviour has been found in the 
case of other substances.^ 

Pressure-Temperature Diagram. — Having considered the 
changes which occur in the concentration of the components in 
a solution with the temperature, we may conclude the discussion 
of the equilibrium between a salt and water by studying the 
variation of the vapour pressure. 

Since in systems of two components the two phases, 
solution and vapour, constitute a bivariant system, the vapour 
pressure is undefined, and may have different values at the 
same temperature, depending on the concentration. In order 
that there may be for each temperature a definite correspond- 
ing pressure of the vapour, a third phase must be present. 
This condition is satisfied by the system solid — liquid (solution) 
— vapour; that is, by the saturated solution (p. io6). In the 
case of a saturated solution, therefore, the pressure of the 
vapour at any given temperature is constant. 

Vapour Pressure of Solid — Solution — Vapour. — It has long 
been known that the addition of a non-volatile solid to a liquid 
in which it is soluble lowers the vapour pressure of the solvent ; 
and the diminution of the pressure is approximately proportional 
to the amount of substance dissolved (Law of Babo). The 
vapour-pressure curve, therefore, of a solution of a salt in water 
must lie below that for pure water. Further, in the case of a 
pure liquid, the vaporization curve is a function only of the 
temperature (p. 6i), whereas, in the case of a solution, the 
pressure varies both with the temperature and the concentration. 
These two factors, however, act in opposite directions; for 
although the vapour pressure in all cases increases as the 
temperature rises, increase of concentration, as we have seen, 
lowers the vapour pressure. Again, since the concentration 
itself varies with the temperature, two cases have to be con- 
sidered, viz. where the concentration increases with rise of 

' Walker, Zeiischr. physikal. C/iem., 1890, 5. 193. Schreinemakeis, 
ibid., 1897, 23. 417, Roozeboom, Rec. irav. c/iim. Pays-Bars, 1889, 8. 257. 
Brunei-, Ztiisc/ir. physikal. Client. 1897, 23. 542. 
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Fig. 32. 



temperature, and where the concentration diminishes with rise 
of temperature. 

The relations which are found here will be best understood 
with the help of Fig. 32.^ In this figure, OB represents the 
sublimation curve of ice, 
and BC the vaporization 
curve of "water; the 
curve for the solution 
must lie below this, and 
must cut the sublimation 
curve of ice at some 
temperature below the 
melting point. The 
point of intersection A 
is the cryohydric point. 
If the solubility in- 
creases with rise of tem- 
perature, the increase of the vapour pressure due to the latter 
will be partially annulled. Since at first the effect of increase 
of temperature more than counteracts the depressing action of 
increase of concentration, the vapour pressure will increase on 
raising the temperature above the cryohydric point. If the 
elevation of temperature is continued, however, to the melting 
point of the salt, the effect of increasing concentration makes 
itself more and more felt, so that the vapour-pressure curve of 
the solution falls more and more below that of the pure liquid, 
and the pressure will ultimately become equal to that of the 
pure salt ; that is to say, practically equal to zero. The curve 
will therefore be of the general form AMF shown in Fig. 32. 
If the solubility should diminish with rise of temperature, the 
two factors, temperature and concentration, will act in the same 
direction, and the vapour-pressure curve will rise relatively 
more rapid than that of the pure liquid ; since, however, the 
pure salt is ultimately obtained, the vapour-pressure curve 
must in this case also finally approach the value zero. 

Other Univariant Systems. — Besides the univariant system 

' Van't Hoff, Lectures on Ilieoretkiil Chemistry, I. p. 42. Oslwald, 
Lehrbucli, II. 2. 824. 
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salt — solution — vapour already considered, three others are 
possible, viz. ice — solution — vapour, ice — salt — solution, and 
ice — salt — vapour. 

The fusion point of a substance is lowered, as we have seen, 
by the addition of a foreign substance, and the depression is 
all the greater the larger the quantity of substance added. The 
vapour pressure of the water, also, is lowered by the solution 
in it of other substances, so that the vapour pressure of the 
system ice— solution— vapour must decrease as the temperature 
falls from the fusion point of ice to the cryohydric point. This 
curve is represented by BA (Fig. 32), and is coincident with 
the sublimation curve of ice. 

This, at first sight, strange fact will be readily understood 
when we consider that since ice and solution are together in 
equilibrium with the same vapour, they must have the same 
vapour pressure. For suppose at any given temperature equi- 
librium to have been established in the system ice — solution — 
vapour, removal of the ice will not alter this equilibrium. 
Suppose, now, the ice and the solution placed under a bell-jar 
so that they have a common vapour, but are not themselves in 
contact ; then, if they do not have the same vapour pressure, 
distillation must take place and the solution will become more 
dilute or more concentrated. Since, at the completion of this 
process, the ice and solution are now in equilibrium when they 
are not in contact, they must also be in equilibrium when they 
are in contact (p. 30). But if distillation has taken place the 
concentration of the solution must have altered, so that the ice 
will now be in equilibrium with a solution of a different con- 
centration from before. But according to the Phase Rule ice 
cannot at one and the same temperature be in equilibrium with 
two solutions of different concentration, for the system ice — 
solution — vapour is univariant, and at any given temperature, 
therefore, not only the pressure but also the concentration of the 
compone7its in the solution must be constant. Distillation could 
not, therefore, take place from the ice to the solution or vice 
versa ; that is to say, the solution and the ice must have the 
same vapour pressure — the sublimation pressure of ice. The 
reason of the coincidence is the non-volatility of the salt : had 
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the salt a measurable vapour pressure itself, the sublimation 
curve of ice and the curve for ice — solution — vapour would no 
longer fall together. 

The curve AO represents the pressures of the system ice— 
salt — vapour. This curve will also be coincident with the 
sublimation curve of ice, on account of the non-volatility of the 
salt. 

The equilibria of the fourth univariant system ice — salt — 
solution are represented by AE. Since this is a condensed 
system, the effect of a small change of temperature will be to 
cause a large change of pressure, as in the case of the fusion 
point of a pure substance. The direction of this curve will 
depend on whether there is an increase or diminution of 
volume on solidification ; but the effect in any given case can 
be predicted with the help of the theorem of Le Chatelier. 

Since the cryohydric point is a quadruple point in a two- 
component system, it represents an invariant system. The 
condition of the system is, therefore, completely defined ; the 
four phases, ice, salt, solution, vapour, can co-exist only when 
the temperature, pressure, and concentration of the solution 
have constant and definite values. Addition or withdrawal of 
heat, therefore, can cause no alteration of the condition of the 
system except a variation of the relative amounts of the phases. 
Addition of heat at constant volume will ultimately lead to the 
system salt— solution — vapour or the system ice — solution — 
vapour, according as ice or salt disappears first. This is 
readily apparent from the diagram (Fig. 32), for the systems 
ice — salt — solution and ice — salt — vapour can exist only at 
temperatures below the cryohydric point (provided the curve 
for ice — salt — solution slopes towards the pressure axis). 

Bivariant Systems. — Besides the univariant systems already 
discussed, various bivariant systems are possible, the conditions 
for the existence of which are represented by the different areas 
of Fig. 32. They are as follows : — 

Area. System. 

OAMF . . . Salt — vapour. 

CBAMF . . . Solution — vapour ; salt — solution. 

EABD . . . Salt — solution ; ice — solution. 

EAO . . . Ice— salt. 
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Deliquescence. — As is evident from Fig. 32, salt can exist 
in contact with water vapour at pressures under those repre- 
sented by OAMF. If, however, the pressure of the vapour is 
increased until it reaches a value lying on this curve at tempera- 
tures above the cryohydric point, solution will be formed ; for 
the curve AMF represents the equilibria between salt — solution 
— vapour. From this, therefore, it is clear that if the pressure 
of the aqueous vapour in the atmosphere is greater than that 
of the saturated solution of a salt, that salt will, on being 
placed in the air, form a solution ; it will deliquesce. 

Separation of Salt on Evaporation. — With the help of 
Fig. 32 it is possible to state in a general manner whether or 
not salt will be deposited when a solution is evaporated under 
a constant pressure.^ 

The curve AMF (Fig. 32) is the vapour-pressure curve of 
the saturated solutions of the salt, i.e. it represents, as we have 
seen, the maximum vapour pressure at which salt can exist in 
contact with solution and vapour. The dotted line aa re- 
presents atmospheric pressure. If, now, an unsaturated solu- 
tion, the composition of which is represented by the point x, is 
heated in an open vessel, the temperature will rise, and the 
vapour pressure of the solution will increase. The system will, 
therefore, pass along a line represented diagrammatically by 
xx\ At the point ^' the vapour pressure of the system becomes 
equal to i atm. ; and as the vessel is , open to the air, the 
pressure cannot further rise ; the solution boils. If the heating 
is continued, water passes off, the concentration increases, and 
the boiling point rises. The system will therefore pass along 
the line c^m, until at the point in solid salt separates out 
(provided supersaturation is excluded). The system is now 
univariant, and continued heating will no longer cause an 
alteration of the concentration; as water passes off, solid salt 
will be deposited, and the solution will evaporate to dryness. 

If, however, the atmospheric pressure is represented not by 
aa but by bb, then, as Fig. 32 shows, the maximum vapour 

' Ostwald, Principles of Inorganic Chemistry, translated by A. Findlay, 
p. 447 (MacmiUan, 1902) ; Skirrow and Calvert, Zeitschr. physikal Chem., 
1901, 37. 217. 
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pressure of the system salt — solution — vapour never reaches 
the pressure of i atm. Further, since the curve bb lies in the 
area of the bivariant system solution — vapour there can at no 
point be a separation of the solid form ; for the system solid — 
solution — vapour can exist only along the curve AMF. 

On evaporating the solution of a salt in an open vessel, 
therefore, salt can be deposited only if at some temperature 
the pressure of the saturated solution is equal to the atmo- 
spheric pressure. This is found to be the case with most salts. 
In the case of aqueous solutions of sodium and potassium 
hydroxide, however, the vapour pressure of the saturated 
solution never reaches the value of i atm., and on evaporating 
their solutions, therefore, in an open vessel, there is no separa- 
tion of the solid. Only a homogeneous fused mass is obtained. 
If, however, the evaporation be carried out under a pressure 
''Arhich is lower than the maximum pressure of the saturated 
solution, separation of the solid substance will be possible. 

General Summary. — The systems which have been dis- 
cussed in the present chapter contained water as one of their 
components, and an anhydrous salt as the other. It will, 
however, be clear that the relationships which were found in 
the case of these will be found also in other cases where it is 
a question of the equilibria between two components, which 
crystallize out in the pure state, and only one of which possesses 
a measurable vapour pressure. A similar behaviour will, for 
example, be found in the case of many pairs of organic sub- 
stances ; and in all cases the equilibria will be represented by 
a diagram of the general appearance of Fig. 29 or Fig. 30. 
That is to say : Starting from the fusion point of component I., 
the system will; pass, by progressive addition of component II., 
to regions of lower temperature, until at last the cryohydric or 
eutectic point is reached. On further addition of component 
II., the system will pass to regions of higher temperature, the 
solid phase now being component II. If the fused components 
are miscible with one another in all proportions a continuous 
curve will be obtained leading up to the point of fusion of 
component II. Slight changes of direction, it is true, due to 
changes in the crystalline form, may be found along this curve. 
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but throughout its whole course there will be but one liquid 
phase. If, on the other hand, the fused components are not 
miscible in all proportions, then the second curve will exhibit 
a marked discontinuity, and two liquid phases will make their 
appearance. 



CHAPTER VIII 

SOLUTIONS OF SOLIDS IN LIQUIDS, ONLY ONE OF 
THE COMPONENTS BEING VOLATILE 

B. — Hydrated Salt and Water. 

In the preceding chapter we discussed the behaviour of 
systems formed of two components, only one of which was 
volatile, in those cases where the two components separated 
from solution in the pure state. In the present chapter we 
shall consider those systems in which combination between 
the components can occur with the formation of definite 
compounds ; such as are found in the case of crystalline salt 
hydrates. Since a not inconsiderable amount of study has been 
devoted to the systems formed by hydrated salts and water, 
systems which are of great chemical interest and importance, 
the behaviour of these will first call for discussion in some 
detail, and it will be found later that the relationships which 
exist in such systems appear also in a large number of other 
two-component systems. 

The systems belonging to this group may be divided into 
two classes according as the compounds formed possess a 
definite melting point, i.e. form a liquid phase of the same 
composition, or do not do so. We shall consider the latter 
first. 

I. The Compounds formed do not have a Definite Melting Point. 

Concentration-Temperature Diagram. — In the case of 
salts which can form crystalline hydrates, the temperature- 
concentration diagram, representing the equilibria of the 
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different possible systems, must necessarily be somewhat more 
complicated than where no such combination of the components 
occurs. For, as has already been pointed out, each substance 
has its own solubility curve; and there will therefore be as 
many solubility curves as there are solid phases possible, the 
curve for each particular solid phase being continuous so long as 
it remains unchanged in contact with the solution. As an ex- 
ample of the relationships met with in such cases, we shall first 
of all consider the systems formed of sodium sulphate and 
water. 

Sodium Sulphate and Water.— At the ordinary tempera- 
tures, sodium sulphate crystallises from water with ten molecules 

of water of crystallisation, 
forming Glauber's salt. On 
determining the solubility of 
this salt in water, it is found 
that the solubility increases 
as the temperature rises, the 
values of the solubility, re- 
presented graphically by the 
curve AC (Fig. 33), being 
The numbers denote grams of 
sodium sulphate, calculated as anhydrous salt, dissolved by 
100 grams of water. 
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given in the following table. ^ 



Solubility of Na2S04,ioH20. 



Temperature. 


Solubility. 


0° 


5-02 


10° 


9-00 


15° 


13-20 


18° 


i6-So 


20° 


19-40 


^5: 


28-00 


30° 


40-00 


33° 


50-76 


34° 


55-00 



1 Vide Loewel, Annales chim. phys., 1857 [3], 49. 32, Cf. Lbwenherz, 
Zeitschr. physikal. C/iem., 1895, 18. 82. 
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On continuing the investigation at higher temperatures, it 
was found that the solubility no longer increased, but decreased 
with rise of temperature. At the same time, it was observed 
that the solid phase was now different from that in contact 
with the solution at temperatures below 33°; for whereas in 
the latter case the solid phase was sodium sulphate decahydrate, 
at temperatures above 33° the solid phase was the anhydrous 
salt. The course of the solubility curve of anhydrous sodium 
sulphate is shown by BD, and the values of the solubility are 
given in the following table : — ^ 

SoLUBiLiTV OF Anhydrous Sodium Sulphate. 



Temperature. 


Solubility. 


18° 


53-25 


20° 


52-76 


K 


5'-53 


30° 


50'37 


33° 


4971 


34° 


49-53 


36° 


49-27 


40-15° 


48-78 


50-40° 


46-82 



As is evident from the figure, the solubility curve which is 
obtained when anhydrous sodium sulphate is present as the 
solid phase, cuts the curve representing the solubility of the 
decahydrate, at a temperature of about 33°. 

If a solution of sodium sulphate which has been saturated 
at a temperature of about 34° be cooled down to a temperature 
below 17", while care is taken that the solution is protected 
against access of particles of Glauber's salt, crystals of a 
second hydrate of sodium sulphate, having the composition 
Na2S04,7H20, separate out. On determining the composition 
of the solutions in equilibrium with this hydrate at different 
temperatures, the following values were obtained, these values 
being represented by the curve FE (Fig. 33) : — 

' Loewel, loc. cit. Gay-Lussac, Annales chim. phys., 1819, 11. 296. 
For the solubility at higher temperatures, see Tilden and Shenslone, Phil. 
Tra?ts., 1884, 176. 23. fetard, Annales chim. phys., 1894 [7], 2. 548. 
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Solubility of NaaSOjjyHaO. 



Temperature. 


Solubility. 


o° 


19-62 


IO° 


30'49 


15° 


37-43 


iS° 


4f63 


20° 


4473 


25° 


52-94 


26° 


54-97 



Since, as has already been stated, each solid substance has 
its own solubility curve, there are three separate curves to be 
considered in the case of sodium sulphate and water. Where 
two curves cut, the solution must be saturated with respect to 
two solid phases ; at the point B, therefore, the point of inter- 
section of the solubility curve of anhydrous sodium sulphate 
with that of the decahydrate, the solution must be saturated 
with respect to these two solid substances. But a system of two 
components existing in four phases, anhydrous salt — hydrated 
salt — solution — vapour, is invariant ; and this invariability will 
remain even if only three phases are present, provided that 
one of the factors, pressure, temperature, or concentration of 
components retains a constant value. This is the case when 
solubilities are determined in open vessels ; the pressure is 
then equal to atmospheric pressure. Under these circumstances, 
then, the system, anhydrous sodium sulphate — decahydrate — 
solution, will possess no degree of freedom, and can exist, 
therefore, only at one definite temperature and when the solu- 
tion has a certain definite composition. The temperature of 
this point is 32-482° on a mercury thermometer, or 32-379° on 
the hydrogen thermometer.' 

' Richards, Zeitschr. physikal. Chem., 1898, 26. 690; Richards and 
Wells, ibid., 1903, 43. 465. This temperature is not quite the same as 
that of the quadruple point anhydrous salt — hydrated salt — solution — vapour, 
because the latter is the temperature at which the system is under the 
pressure of its own vapour. Since, however, the influence of pressure on 
the solubility is very slight (p. 105), the position of the two poin's will 
not be greatly different. The quadruple point was found by Cohen 
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Suspended Transformation.— Although it is possible for 
the anhydrous salt to make its appearance at the temperature 
of the quadruple point, it will not necessarily do so ; and it is 
therefore possible to follow the solubility curve of sodium 
sulphate decahydrate to a higher temperature. Since, however, 
the solubility of the decahydrate at temperatures above the 
quadruple point is greater than that of the anhydrous salt, 
the solution which is saturated with respect to the former 
will be supersaturated with respect to the latter. On bring- 
ing a small quantity of the anhydrous salt in contact with 
the solution, therefore, anhydrous salt will be deposited ; and 
all the hydrated salt present will ultimately undergo conversion 
into the anhydrous salt, through the medium of the solution. 
In this case, as in all cases, the solid phase, which is the most 
stable at the temperature of the experiment, has at that 
temperature the least solubility. 

Similarly, the solubility curve of anhydrous sodium sulphate 
has been followed to temperatures below 32 '5°. Below this 
temperature, however, the solubility of this salt is greater than 
that of the decahydrate, and the saturated solution of the 
anhydrous salt will therefore be supersaturated for the decahy- 
drate, and will deposit this salt if a " nucleus " is added to the 
solution. From this we see that at temperatures above 3 2 '5° 
the anhydrous salt is the stable form, while the decahydrate is 
unstable (or metastable); at temperatures below 3 2 "5° the 
decahydrate is stable. This temperature, therefore, is the 
transition temperature for decahydrate and anhydrous salt. 

From Fig. 33 we see further that the solubility curve of 
the anhydrous salt (which at all temperatures below 32-5° is 
metastable) is cut by the solubility curve of the heptahydrate ; 
and this point of intersection (at a temperature of 24'2°) must 
be the transition point for heptahydrate and anhydrous salt. 
Since at all temperatures the solubility of the heptahydrate is 
greater than that of the decahydrate, the former hydrate must 
be metastable with respect to the latter; so that throughout 
its whole course the solubility curve of the heptahydrate 

(Zeitschr. physikal. Chem., 1894, 14. go) to be 32-6° and 30-8 mm. of 
mercury. 
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represents only metastable equilibria. Sodium sulphate, there- 
fore, forms only one stable hydrate, the. decahydrate. 

The solubility relations of sodium sulphate illustrate very 
clearly the importance of the solid phase for the definition of 
saturation and supersaturation. Since the solubility curve of 
the anhydrous salt has been followed backwards to a tempera- 
ture of about i8°, it is readily seen, from Fig. 33, that at a 
temperature of, say, 20° three different saturated solutions of 
sodium sulphate are possible, according as the anhydrous salt, 
the heptahydrate or the decahydrate, is present as the solid 
phase. Two of these solutions, however, would be metastable 
and supersaturated with respect to the decahydrate. 

Further, the behaviour of sodium sulphate and water fur- 
nishes a very good example of the fact that a " break " in the 
solubility curve occurs when, and only when, the solid phase 
undergoes change. So long as the decahydrate, for example, 
remained unaltered in contact with the solution, the solubility 
curve was continuous ; but when the anhydrous salt appeared 
in the solid phase, a distinct change in the direction of the 
solubility curve was observed. 

Dehydration by Means of Anhydrous Sodium Sulphate. — 
The change in the relative stability of sodium sulphate deca- 
hydrate and anhydrous salt in presence of water at a temperature 
of 3 2 '5° explains why the latter salt cannot be employed for 
dehydration purposes at temperatures above the transition 
point. The dehydrating action of the anhydrous salt depends 
on the formation of the decahydrate ; but since at temperatures 
above 33° the latter is unstable, and cannot be formed in pre- 
sence of the anhydrous salt, this salt cannot, of course, effect 
a dehydration above that temperature. 

Pressure-Temperature Diagram. — The consideration of the 
pressure-temperature relations of the two components, sodium 
sulphate and water, must include not only the vapour pressure 
of the saturated solutions, but also that of the crystalline 
hydrates. The vapour pressures of salt hydrates have already 
been treated in a general manner (Chap. V.), so that it is only 
necessary here to point out the connection between the two 
classes of systems. 



SOLUTIONS OF SOLIDS IN LIQUIDS 137 

In most cases the vapour pressure of a salt hydrate, i.e. the 
vapour pressure of the system hydrate — anhydrous salt (or lower 
hydrate) — vapour, is at all temperatures lower than that of the 
system anhydrous salt (or lower hydrate) — solution — vapour. 
This, however, is not a necessity ; and cases are known where 
the vapour pressure of the former system is, under certain cir- 
cumstances, equal to or higher than that of the latter. An 
example of this is found in sodium sulphate decahydrate. 

On heating Na2S04,ioH20, a point is reached at which the 
dissociation pressure into anhydrous salt and water vapour 
becomes equal to the vapour pressure of the saturated solution 
of the anhydrous salt, as is apparent from the following measure- 
ments ; '^ the differences in pressure being expressed in milli- 
metres of a particular oil. 

Temperature: 29-0° 30-83° 31-79° 32-09° 32-35° 32-6° 

Difference of pressure : 23-8 10-8 5-6 3-6 v6 o 

At 32-6°, therefore, the vapour pressures of the two systems 

Na2S04,ioH20 — NajSOi — vapour 
NasSOj — solution — vapour 

are equal ; at this temperature the four phases, Na3S04,ioH20 ; 
NaaSOj ; solution ; vapour, can coexist. From this it is evident 
that when sodium sulphate decahydrate is heated to 32-6°, the 
two new phases anhydrous salt and solution will be formed 
(suspended transformation being supposed excluded), and the 
hydrate will appear to undergo partial fusion ; and during the 
process of " melting " the vapour pressure and temperature will 
remain constant.^ This is, however, no true melting point; 
for the composition of the liquid phase is not the same as that 
of the solid. As has already been pointed out (p. 135), we 
are dealing here with the transition point of the decahydrate 
and anhydrous salt, i.e. with the reaction Na2S04,ioH20^ 
NajSOi -f 10H2O. 

Since at the point of partial fusion of the decahydrate four 

' Van't Hoff and van Deventer, Zeitschr. physikal. Chem., 1887, 1. 185. 
Cf. Cohen, ibid., 1894, 14. 88. 

'' Debray, Compt. rend., 1868, 66. 194. 
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phases can coexist, the point is a quadruple point in a two- 
component system, and the system at this point is therefore 
invariant. The temperature of this point is therefore perfectly 
definite, and on this account the proposal has been made to 
adopt this as a fixed point in thermometry. ^ The temperature 
is, of course, practically the same as that at which the two 
solubility curves intersect (p. no). 

The vapour pressure of the different systems of sodium 
sulphate and water can best be studied with the help of the 

diagram in Fig. 34.^ The 
'D curve ABCD represents 
the vapour-pressure curve 
of the saturated solution 
of anhydrous sodium sul- 
phate. GC is the pressure 
curve of decahydrate -|- 
anhydrous salt, which, as 
we have seen, cuts the 
curve ABCD at the tran- 
' sition temperature, 3 2 •6°. 
■ ^^' Since at this point the 

solution is saturated with respect to both the anhydrous salt 
and the decahj-drate, the vapour-pressure curve of the saturated 
solution of the latter must also pass through the point C.^ As 
at temperatures below this point the solubility of the deca- 
hydrate is less than that of the anhydrous salt, the vapour 
pressure of the solution will, in accordance with Babo's law 
(p. 124), be higher than that of the solution of the anhydrous 
salt ; which was also found experimentally to be the case 
(curve HC). 

In connection with the vapour pressure of the saturated 
solutions of the anhydrous salt and the decahydrate, attention 

1 Richards, Zeitschr. physikal. Ckem., 1898, 26. 690. A number of 
other salt hydrates, having transition-points ranging from 20° to 78°, which 
might be used for the same purpose, have been given by Richards and 
Churchill, ibid., 1899, 28. 313. 

- \"an't Hoff, Lectures 071 Physical Chemistry, I. p. 67. 

' Cohen, Zeitschr. physikal. Chem., 1894, 14. 90. 
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must be drawn to a conspicuous deviation from what was found 
to hold in the case of one-component systems in which a vapour 
phase was present (p. 29). There, it was seen that the vapour 
pressure of the more stable system was always lower than that 
of the less stable ; in the present case, however, we find that 
this is no longer so. We have already learned that at tem- 
peratures below 32'S° the system decahydrate — solution — 
vapour is more stable than the system anhydrous salt — solu- 
tion — vapour ; but the vapour pressure of the latter system is, 
as has just been stated, lower than that of the former. At 
temperatures above the transition point the vapour pressure 
of the saturated solution of the decahydrate will be lower than 
that of the saturated solution of the anhydrous salt. 

This behaviour depends on the fact that the less stable 
form is the more soluble, and that the diminution of the vapour 
pressure increases with the amount of salt dissolved. 

With regard to sodium sulphate heptahydrate the same 
considerations will hold as in the case of the decahydrate. 
Since at 24" the four phases heptahydrate, anhydrous salt, 
solution, vapour can coexist, the vapour - pressure curves 
of the systems hydrate — anhydrous salt — vapour (curve EB) 
and hydrate — solution — vapour (curve FB) must cut the 
pressure curve of the saturated solution of the anhydrous salt 
at the above temperature, as represented in Fig. 34 by the 
point B. This constitutes, therefore, a second quadruple point, 
which is, however, metastable. 

From the diagram it is also evident that the dissocia- 
tion pressure of the heptahydrate is higher than that of the 
decahydrate, although it contains less water of crystallization. 
The system heptahydrate — anhydrous salt — vapour must be 
metastable with respect to the system decahydrate — anhydrous 
salt — vapour, and will pass into the latter.^ Whether or not 
there is a temperature at which the vapour-pressure curves 
of the two systems intersect, and below which the heptahydrate 
becomes the more stable form, is not known. 

In the case of sodium sulphate there is only one stable 

' Ziz, Schweigger's Journal, 1815, 15. 166. See Ostwald, Lehrlruch, 
II. 2. 717. 
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hydrate. Other salts are known which exhibit a similar be- 
haviour; and we shall therefore expect that the solubility- 
relationships will be represented by a diagram similar to that 
for sodium sulphate. A considerable number of such cases 
have, indeed, been found,"- and in some cases there is more 
than one metastable hydrate. This is found, for example, in 
the case of nickel iodate,^ the solubility curves for which are 
given in Fig. 35. As can be seen from the figure, suspended 
transformation occurs, the solubility curves having in some 




Fig. 35. 

cases been followed to a considerable distance beyond the 
transition point. One of the most brilliant examples, however, 
of suspended transformation in the case of salt hydrates, and 
the sluggish transition from the less stable to the more stable 
form, is found in the case of the hydrates of calcium chromate.^ 
In the preceding cases, the dissociation-pressure curve of 
the hydrated salt cuts the vapour-pressure curve of the saturated 
solution of the anhydrous salt. It can, however, happen that 

' See, for example, the solubility determinations published in Wisscn- 
schaftliche Abhandl. der pliysikalisch-technischm Reichsanstalt, Vol. III., or 
in the Berichte, for the years 1897-1901. 

'^ Meusser, Ber., 1901, 34. 2440. 

^ Mylius and von Wrochem, Ber., 1900, 33. 3693. 
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the dissociation-pressure curve of one hydrate cuts the solubiUty 
curve, not of the anhydrous salt, but of a lower hydrate ; in this 
case there will be more than one stable hydrate, each having a 
stable solubility curve ; and these curves will intersect at the 
temperature of the transition point. Various examples of this 
behaviour are known, and we choose for illustration the solu- 
bility relationships of barium acetate and its hydrates, which 
have been recently determined^ (Fig- 36). 

At temperatures above 0°, barium acetate can form two 
stable hydrates, a trihydrate and a monohydrate. The solu- 



8 76 



64 



























h 


A 


> 






^ 






^ ^. 


~~~^ 




c 


u 




-.^ 




::::^ 


S SAL1 




-^ 








* 


'/■• 


















/ 


















/ 


' 



















6q? 



Fig. 36. 



bility of the trihydrate increases very rapidly with rise of tem- 
perature, and has been determined up to 26'!°. At temperatures 
above 247°, however, the trihydrate is metastable with respect 
to the monohydrate; for at this temperature the solubility 
curve of the latter hydrate cuts that of the former. This is, 
therefore, the transition temperature for the trihydrate and 
monohydrate. The solubility curve of the monohydrate suc- 
ceeds that of the trihydrate, and exhibits a conspicuous 
point of minimum solubility at about 30^. Below 24'7° the 

' Walker and Fyffe, your. Chem. Soc, 1903, 83. 180. 
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monohydrate is the less stable hydrate, but its solubility has 
been determined to a temperature of 22°. At 41° the solubility 
curve of the monohydrate intersects that of the anhydrous salt, 
and this is therefore the transition temperature for the mono- 
hydrate and anhydrous salt. Above this temperature the 
anhydrous salt is the stable solid phase. Its solubility curve 
also passes through a minimum. 

The diagram of solubilities of barium acetate not only 
illustrates the way in which the solubility curves of the different 
stable hydrates of a salt succeed one another, but it has also an 
interest and importance from another point of view. In Fig- 
36 there is also shown a faintly drawn curve which is continuous 
throughout its whole course. This curve represents the solu- 
bility of barium acetate as determined by Krasnicki.^ Since, 
however, three different solid phases can exist under the 
conditions of experiment, it is evident, from what has already 
been stated (p. 109), that the different equilibria between barium 
acetate and water could not be represented by one continuous 
curve. 

Another point which these experiments illustrate and which 
it is of the highest importance to bear in mind is, that in 
making determinations of the solubility of salts which are 
capable of forming hydrates, it is not only necessary to 
determine the composition of the solution, but it is of' equal 
importance to determine the composition of the solid phase in 
contact with it. In view of the fact, also, that the solution 
equilibrium is in many cases established with comparative 
slowness, it is necessary to confirm the point of equilibriurri, 
either by approaching it from higher as well as from lower 
temperatures, or by actually determining the rate with which 
the condition of equilibrium is attained. This can be accom- 
plished by actual weighing of the dissolved salt or by deter- 
minations of the density of the solution, as well as by other 
methods. 

' Monatshefte, 1887, 8. 601. 
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2. The Compounds formed have a Definite Melting Point. 

In the cases which have just been considered we saw that 
the salt hydrates on being heated did not undergo complete 
fusion, but that a solid was deposited consisting of a lower 
hydrate or of the anhydrous salt. It has, however, been long 
known that certain crystalline salt hydrates (e.g. sodium thio- 
sulphate, NaaSaOgjSHjO, sodium acetate, NaCoHaOnjSHaO) 
melt completely in their water of crystallization, and yield a 
liquid of the same composition as the crystalline salt. In the 
case of sodium thiosulphate pentahydrate the temperature of 
liquefaction is 56°; in the case of sodium acetate trihydrate, 
58°. These two salts, therefore, have a definite melting point. 
For the purpose of studying the behaviour of such salt hydrates, 
we shall choose not the cases which have just been mentioned, 
but two others which have been more fully studied, viz. the 
hydrates of calcium chloride and of ferric chloride. 

Solubility Curve of Calcium Chloride Hexahydrate.^ — 
Although calcium chloride forms several hydrates, each of 
which possesses its own solubility, it is nevertheless the solu- 
bility curve of the hexahydrate which will chiefly interest us 
at present, and we shall therefore 
first discuss that curve by itself. 

The solubility of this salt has 
been determined from the cryo- 
hydric point, which lies at about 
— 55°, up to the melting point 
of the salt.^ The solubility in- 
creases with rise of temperature, 
as is shown by the figures in the 
following table, and by the (dia- 
grammatic) curve AB in Fig. 37. 
In the table, the numbers under the heading " solubility " 
denote the number of grams of CaCla dissolved in 100 grams 

^ The equilibria between calcium chloride and water have been most 
completely studied by Roozeboom (Zeitschr. physikal. Chem., 1889, 4. 31). 

= Hammerl, Sitzungsber, Wien. Akad, 2*° Abteil, 1878, 78. 59. Rooze- 
boom, Zeitschr. physikal. Chem., 1889, 4. 31. 
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of water ; those under the heading " composition," the number 
of gram-molecules of water in the solution to one gram- 
molecule of CaClo. 



Solubility of Calcium Chloride Hexahydrate. 



Temperature. 


Solubility. 


Composition. 


-55° 


42-5 


H"5 


~K 


50 'O 


12-3 


-10° 


55 -o 


1 1 -2 


o° 


59-5 


10-37 


IO° 


65-0 


9-49 


20° 


74-5 


8-28 


25° 


820 


7-52 


28-5° 


90-5 


6-8i 


29-5° 


95-5 


6-46 


30-2° 


1027 


6 -co 


29-6° 


1 09-0 


570 


29-2° 


II2-8 


5 '41 



So far as the first portion of the curve is concerned, it 
resembles the most general type of solubility curve. In the 
present case the solubility is so great and increases so rapidly 
with rise of temperature, that a point is reached at which the 
water of crystallization of the salt is sufficient for its complete 
solution. This temperature is 30-2° ; and since the composition 
of the solution is the same as that of the solid salt, viz. 1 mol. 
of CaCla to 6 mols. of water, this temperature must be the 
melting point of the hexahydrate. At this point the hydrate 
will fuse or the solution will solidify without change of tempera- 
ture and without change of composition. 

But the solubility curve of calcium chloride hexahydrate 
differs markedly from the other solubility curves hitherto con- 
sidered in that it possesses a retroflex portion, represented in 
the figure by BC. As is evident from the figure, therefore, 
calcium chloride hexahydrate exhibits the peculiar and, as it 
was at first thought, impossible behaviour that it can be in 
equihbrium at one and the same temperature with two different 
solutions, one of which contains more, the other less, water 
than the solid hydrate; for it must be remembered that 
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throughout the whole course of the curve ABC the solid phase 
present in equilibrium with the solution is the hexahydrate. 

Such a behaviour, however, on the part of calcium chloride 
hexahydrate will appear less strange if one reflects that the 
melting point of the hydrate will, like the melting point of 
other substances, be lowered by the addition of a second sub- 
stance. If, therefore, water is added to the hydrate at its 
melting point, the temperature at which the solid hydrate will 
be in equilibrium with the liquid phase (solution) will be 
lowered ; or if, on the other hand, anhydrous calcium chloride 
is added to the hydrate at its melting point (or what is the 
same thing, if water is removed from the solution), the tempera- 
ture at which the hydrate will be in equilibrium with the liquid 
will also be lowered; i.e. the hydrate will melt at a lower 
temperature. In the former case we have the hydrate in equi- 
librium with a solution containing more water, in the latter 
case with a solution containing less water than is contained in 
the hydrate itself. 

It has already been stated (p. 109) that the solubility curve 
(in general, the equilibrium curve) is continuous so long as the 
solid phase remains unchanged ; and we shall therefore expect 
that the curve ABC will be continuous. Formerly, however, 
it was considered by some that the curve was not continuous, 
but that the melting point is the point of intersection of two 
curves, a solubility curve and a fusion curve. Although the 
earlier solubility determinations were insufficient to decide 
this point conclusively, more recent investigation has proved 
beyond doubt that the curve is continuous and exhibits no 
break. ^ 

Although in taking up the discussion of the equilibria 
between calcium chloride and water, it was desired especially 
to call attention to the form of the solubility curve in the case 

' Lidbury, Zeitschr. physikal. Chem., 1902, 39.453. The curvature at 
the melting point is all the greater the more the compound is dissociated 
into its components in the liquid state. If the compound is completely un- 
dissociated, even in the vapour phase, the two branches of the curve will 
intersect. The smaller the degree of dissociation, therefore, the sharper 
wiU be the bend. (See Stortenbeker, Zeitschr. fhysikal. Chem., 1892, 10. 
194.) 

L 
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of salt hydrates possessing a definite melting point, neverthe 
less, for the sake of completeness, brief mention may be made 
of the other systems which these two components can form. 
Besides the hexahydrate, the solubility curve of which has 



Temperature 

50** lOo"* 




already been described, calcium chloride can also crystallize 
in two different forms, each of which contains four molecules 
of water of crystallization; these are distinguished as a-tetra- 
hydrate, and /J-tetrahydrate. Two other hydrates are also 
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known, viz. a dihydrate and a monohydrate. The solubility 
curves of these different hydrates are given in Fig. 38. 

On following the solubility curve of the hexahydrate from 
the ordinary temperature upwards, it is seen that at a tempera- 
ture of 29-8° represented by the point H, it cuts the solubility 
curve of the a-tetrahydrate. This point is therefore a quad- 
ruple point at which the four phases hexahydrate, a-tetrahydrate, 
solution, and vapour can coexist. It is also the transition 
point for these two hydrates. Since, at temperatures above 
29-8°, the a-tetrahydrate is the stable form, it is evident from 
the data given before (p. 144), as also from Fig. 38, that the 
portion of the solubility curve of the hexahydrate lying above 
this temperature represents metastable equilibria. The realiza- 
tion of the metastable melting point of the hexahydrate is, 
therefore, due to suspended transformation. At the transition 
point, 29-8°, the solubility of the hexahydrate and a-tetrahy- 
drate is 1 00 '6 parts of CaCla in 100 parts of water. 

The retroflex portion of the solubility curve of the hexa- 
hydrate extends to only 1° below the melting point of the 
hydrate. At 29*2° crystals of a new hydrate, ;8-tetrahydrate, 
separate out, and the solution, which now contains 11 2 '8 parts 
of CaCla to 100 parts of water, is saturated with respect to the 
two hydrates. Throughout its whole extent the solubility curve 
EDF of the yS-tetrahydrate represents metastable equilibria.- 
The upper limit of the solubility curve of /8-tetrahydrate is 
reached at 38'4° (F), the point of intersection with the curve 
for the dihydrate. 

Above 29"8° the stable hydrate is the a-tetrahydrate ; and 
its solubility curve extends to 45 '3° (K), at which temperature 
it cuts the solubility curve of the dihydrate. The curve of the 
latter hydrate extends to lys's" (L), and is then succeeded by 
the curve for the monohydrate. The solubility curve of the 
anhydrous salt does not begin until a temperature of about 
260°. The whole diagram, therefore, shows a succession of 
stable hydrates, a metastable hydrate, a metastable melting 
point and retroflex solubility curve. 

Pressure-Temperature Diagram. — The complete study of 
the equilibria between the two components calcium chloride 
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and water would require the discussion of the vapour pressure 
of the different systems, and its variation with the temperature. 
For our present purpose, however, such a discussion would 
not be of great value, and will therefore be omitted here ; in 
general, the same relationships would be found as in the case 
of sodium sulphate (p. 136), except that the rounded portion of 
the solubility curve of the hexahydrate would be represented 
by a similar rounded portion in the pressure curve.^ As in 
the case of sodium sulphate, the transition points of the 
different hydrates would be indicated by breaks in the curve 
of pressures. Finally, mention may again be made of the 
difference of the pressure of dissociation of the hexahydrate 
according as it becomes dehydrated to the a- or the /8-tetra- 
hydrate (p. 85). 

The Indifferent Point. — We have already seen that at 30-2° 
calcium chloride hexahydrate melts completely in its water of 
crystallisation, and that, provided the pressure is maintained 
constant, addition or withdrawal of heat will cause the complete 
liquefaction or solidification, without the temperature of the 
system undergoing change. This behaviour, therefore, is 
similar to, but is not quite the same as the fusion of a simple 
substance such as ice ; and the difference is due to the fact 
that in the case of the hexahydrate the emission of vapour by 
the liquid phase causes an alteration in the composition of the 
latter, owing to the non-volatility of the calcium chloride; 
whereas in the case of ice this is, of course, not so. 

Consider, however, for the present that the vapour phase 
is absent, and that we are dealing with the two-phase system 
solid — solution. Then, since there are two components, the 
system is bivariant. For any given value of the pressure, 
therefore, we should expect that the system could exist at 
different temperatures; which, indeed, is the case. It has, 
however, already been noted that when the composition of the 
liquid phase becomes the same as that of the solid, the system 
then behaves as a univariant system ; for, at a given pressure, 
the System solid — solution can exist only at one temperature, 
change of temperature producing complete transformation in 
' See Roozeboom, Zeitschr. physikal. Chem., 1889, 4. 31. 
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one or other direction. The variability of the system has 
therefore been diminished. 

This behaviour will perhaps be more clearly understood 
when one reflects that since the composition of the two phases 
is the same, the system may be regarded as being formed of 
one component, just as the system NHjCl ^ NH3 + HCl was 
regarded as being composed of one component when the 
vapour had the same total composition as the solid (p. 13). 
One component in two phases, however, constitutes a uni- 
variant system, and we can therefore see that calcium chloride 
hexahydrate in contact with solution of the same composition 
will constitute a univariant system. The temperature of 
equilibrium will, however, vary with the pressure;^ if the 
latter is constant, the temperature will also be constant. 

A point such as has just been referred to, which represents 
the special behaviour of a system of two (or more) components, 
in which the composition of two phases becomes identical, is 
known as an indifferent pointy''' and it has been shown ^ that at 
a given pressure the temperature in the indifferent point is the 
maximum or minimum temperature possible at the particular 
pressure* (cf. critical solution temperature). At such a point 
a system loses one degree of freedom, or behaves like a system 
of the next lower order. 

The Hydrates of Ferric Chloride. — A better illustration of 
the formation of compounds possessing a definite melting point, 
and of the existence of retroflex solubility curves, is afforded 
by the hydrates of ferric chloride, which not only possess 
definite points of fusion, but these melting points are stable. 
A very brief description of the relations met with will suffice.^ 

' Tammann, Wied. Annalen, 1899, 68. 577. 

^ Duhem,yoar«. Physical Ckem., 1898, 2. 31. 

' Gibbs, Trans. Conn. Acad., 3. 155 ; Saurel, Journ. Phys. Chem., 
1901, 5. 35. 

* In the case of the fusion of a compound of two components with 
formation of a liquid phase of the same composition, the temperature is a 
maximum ; in the case of liquid mixtures of constant boiling-point, -the 
temperature may be a minimum {p. 103). 

° Roozeboom, Zeitschr. physikal. Chem., 1892, 10. 477. The formula 
of ferric chloride has been doubled, in order to avoid fractions in the 
expression of the water of crystallization. 
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Ferric chloride can form no less than four stable hy- 
drates, viz. Fe2Cl6,i2H20, Fe2Cl6,7H,0, FeaCle.sH.^O, and 
Fe2Cl6,4H20, and each of these hydrates possesses a definite, 
stable melting point. On analogy with the behaviour of cal- 
cium chloride, therefore, we shall expect that the solubility curves 
of these different hydrates will exhibit a series of temperature 
maxima; the points of maximum temperature representing 
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systems in which the composition of the solid and liquid phases 
is the same. A graphical representation of the solubility 
relations is given in Fig. 39, and the composition of the 
different saturated solutions which can be formed is given in 
the following tables, the composition being expressed in mole- 
cules of FejClj to 100 molecules of water. The figures printed 
in thick type refer to transition and melting points. 
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Composition of the Saturated Solutions of Ferric 
Chloride and its Hydrates. 

{The name placed at the head of each table is the solid phase) 

Ice. FejCle.iaH^O. Fe^Clj.yHjO. 



Tempera- 


Composi- 


ture. 


tion. 


+ -55° 


+ 2'75 


-40° 


2-37 


-27-5° 


1-90 


-20-5° 


1-64 


-10° 


I'OO 


0° 






Fe^Cl^sH^O. 



Tempera- 


Composi- 


ture. 


tion. 


12° 


12-87 


20° 


13-95 


27° 


14-85 


30° 


15-12 


35° 


15-64 


50° 


17-50 




19-15 


56° 


20 00 


65° 


20-32 



Tempera- 


Compobi- 


ture. 


tlOll. 


-55° 


+ 275 


-41° 


2-8l 


-27° 


2-98 


0° 


4-13 


10° 


4-54 


20° 


5-IO 


30° 


5-93 


35° 


6-78 


36-5° 


7-93 


37° 


8-33 


36° 


9-29 


33° 


10-45 


30° 


1 1 -20 


27-4° 


12-16 


20° 


12-83 


10° 


13-20 


8° 


13-70 



Fe2Cl8 (anhydrous). 



Tempera- 
ture, 


Composi- 
tion. 


66° 


29 20 


70° 
^^° 

100° 


29-42 
28-92 
29-20 
29-75 



Tempera- 
ture. 


Composi- 
tion. 


20° 

27-4° 


"-35 

1215 


32° 

32-5° 

30° 


13-55 
14-29 
15-12 


25° 


15-54 



Fe2Cle,4H20. 



Tempera- 


Composi- 


ture. 


tion. 


,50° 


19-96 


65° 


2032 


160° 


2070 


69° 


21-53 


72-5° 


23-35 


73-6° 


26 00 


72-5° 


26-15 


70° 


27-90 


66° 


29 20 



The lowest portion of the curve, AB, represents the equilibria 
between ice and solutions containing ferric chloride. It re- 
presents, in other words, the lowering of the fusion point of 
ice by addition of ferric chloride. At the point B ( — 55°), the 
cryohydric point (p. 115) is reached, at which the solution is in 
equilibrium with ice and ferric chloride dodecahydrate. As 
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has already been shown, such a point represents an invariant 
system; and the liquid phase will, therefore, solidify to a 
mixture of ice and hydrate without change of temperature. 
If heat is added, ice will melt and the system will pass to the 
curve BCDN, which is the solubility curve of the dodecahy- 
drate. At C (37°), the point of maximum temperature, the 
hydrate melts completely. The retroflex portion of this curve 
can be followed backwards to a temperature of 8°, but below 
27-4° (D), the solutions are supersaturated with respect to the 
heptahydrate ; point D is the eutectic point for dodecahydrate 
and heptahydrate. The curve DEF is the solubility curve of 
the heptahydrate, E being the melting point, 32-5°. On 
further increasing the quantity of ferric chloride, the tempera- 
ture of equilibrium is lowered until at F (30°) another eutectic 
point is reached, at which the heptahydrate and pentahydrate 
can co-exist with solution. Then follow the solubility curves 
for the pentahydrate, the tetrahydrate, and the anhydrous salt ; 
G (56°) is the melting point of the former hydrate, J (73"S°) 
the melting point of the latter. H and K, the points at which 
the curves intersect, represent eutectic points ; the temperature 
of the former is 55°, that of the latter 66°. The dotted portions 
of the curves represent metastable equilibria. 

As is 5een from the diagram, a remarkable series of solubility 
curves is obtained, each passing through a point of maximum 
temperature, the whole series of curves forming an undulating 
" festoon.'' To the right of the series of curves the diagram 
represents unsaturated solutions ; to the left, supersaturated. 

If an unsaturated solution, the composition of which is 
represented by a point in the field to the right of the solubility 
curves, is cooled down, the result obtained will dififer according 
as the composition of the solution is the same as that of a 
cryohydric point, or of a melting point, or has an intermediate 
value. Thus, if a solution represented by «i is cooled down, 
the composition will remain unchanged as indicated by the 
horizontal dotted line, until the point D is reached. At this 
point, dodecahydrate and heptahydrate will separate out, and 
the liquid will ultimately solidify completely to a mixture or 
" conglomerate " of these two hydrates ; the temperature of 



SOLUTIONS OF SOLIDS IN LIQUIDS 153 

the system remaining constant until complete solidification has 
taken place. If, on the other hand, a solution of the composi- 
tion x-i is cooled down, ferric chloride dodecahydrate will be 
formed when the temperature has fallen to that represented by 
C, and the solution will completely solidify, without altera- 
tion of temperature, with formation of this hydrate. In both 
these cases, therefore, a point is reached at which complete 
solidification occurs without change of temperature. 

Somewhat different, however, is the result when the solution 
has an intermediate composition, as represented by x^ or Xi. 
In the former case the dodecahydrate will first of all separate 
out, but on further withdrawal of heat the temperature will 
fall, the solution will become relatively richer in ferric chloride, 
owing to separation of the hydrate, and ultimately the eutectic 
point D will be reached, at which complete solidification will 
occur. Similarly with the second solution. Ferric chloride 
dodecahydrate will first be formed, and the temperature will 
gradually fall, the composition of the solution following the 
curve CB until the cryohydric point B is reached, when the 
whole will solidify to a conglomerate of ice and dodecahydrate. 

Suspended Transformation.^ — Net only can the upper branch 
of the solubility curve of the dodecahydrate be followed back- 
wards to a temperature of 8°, or about 19° below the tem- 
perature of transition to the heptahydrate ; but suspended 
transformation has also been observed in the case of the 
heptahydrate and the pentahydrate. To such an extent is this 
tbe case that the solubility curve of the latter hydrate has been 
followed downwards to its point of intersection with the curve 
for the dodecahydrate. This point of intersection, represented 
in Fig. 39 by M, lies at a temperature of about 15° ; and at this 
temperature, therefore, it is possible for the two solid phases 
dodecahydrate and pentahydrate to coexist, so that M is a 
eutectic point for the dodecahydrate and the pentahydrate. It 
is, however, a metastable eutectic point, for it lies in the region 
of supersaturation with respect to the heptahydrate ; and it can 
be realized only because of the fact that the latter hydrate is 
not readily formed. 

Evaporation of Solutions at Constant Temperature. — On 
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IS 20° 

Fig. ^o. 



evaporating dilute solutions of ferric chloride at constant tem- 
perature, a remarkable series of changes is observed, which, 

however, will be understood 
with the help of Fig. 40. 
Suppose an unsaturated so- 
lution, the composition of 
which is represented by the 
point A'l, is evaporated at a 
temperature of about 17° 
— 18°. As water passes 
off, the composition of the 
solution will follow the 
dotted line of constant tem- 
perature, until at the point 
where it cuts the curve BC the soHd hydrate Fe2Cl6,i2H20 
separates out. As water continues to be removed, the hydrate 
must be deposited (in order that the solution shall remain 
saturated), until finally the solution dries up to the hydrate. 
As dehydration proceeds, the heptahydrate can be formed, and 
the dodecahydrate will finally pass into the heptahydrate ; and 
this, in turn, into the pentahydrate. 

But the heptahydrate is not always formed by the dehydra- 
tion of the dodecahydrate, and the behaviour on evaporation is 
therefore somewhat perplexing at first sight. After the solution 
has dried to the dodecahydrate, as explained above, further 
removal of water causes liquefaction, and the system is now 
represented by the point of intersection at « ; at this point the 
solid hydrate is in equilibrium with a solution containing rela- 
tively more ferric chloride. If, therefore, evaporation . is con- 
tinued, the solid hydrate must pass into solution in order that 
the composition of the latter may remain unchanged, so that 
ultimately a liquid will again be obtained. A very slight 
further dehydration will bring the solution into the state repre- 
sented by b, at which the pentahydrate is formed, and the 
solution will at last disappear and leave this hydrate alone. 

Without the information to be obtained from the curves in 
Figs. 39 and 40, the phenomena which would be observed on 
carrying out the evaporation at a temperature of about 31 — 32° 
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would be still more bewildering. The composition of the 
different solutions formed will be represented by the perpen- 
dicular line a;2i2345. Evaporation will first cause the separa- 
tion of the dodecahydrate, and then total disappearance of the 
liquid phase. Then liquefaction will occur, and the system 
will now be represented by the point 2, in which condition it 
will remain until the solid hydrate has disappeared. Following 
this there will be deposition of the heptahydrate (point 3), with 
subsequent disappearance of the liquid phase. Further dehy- 
dration will again cause liquefaction, when the concentration 
of the solution will be represented by the point 4 ; the hepta- 
hydrate will ultimately disappear, and then will ensue the 
deposition of the pentahydrate, and complete solidification will 
result. On evaporating a solution, therefore, of the composi- 
tion Xi, the following series of phenomena will be observed : 
solidification to dodecahydrate ; liquefaction ; solidification to 
heptahydrate ; liquefaction ; solidification to pentahydrate.^ 

Although ferric chloride and water form the largest and 
best-studied series of hydrates possessing definite melting 
points, examples of similar hydrates are not few in number ; 
and more careful investigation is constantly adding to the list. 
In all these cases the solubility curve will show a point of 
maximum temperature, at which the hydrate melts, and will 
end, above and below, in a cryohydric point. Conversely, if 
such a curve is found in a system of two components, we can 
argue that a definite compound of the components possessing 
a definite melting point is formed. 

Inevaporable Solutions. — If a saturated solution in contact 
with two hydrates, or with a hydrate and anhydrous salt is 
heated, the temperature and composition of the solution will, 
of course, remain unchanged so long as the two solid phases 
are present, for such a system is invariant. In addition to this, 
however, the quantity of the solution will also remain un- 
changed, the water which evaporates being supplied by the 
higher hydrate. The same phenomenon is also observed in 
the case of cryohydric points when ice is a solid phase j so 
long as the latter is present, evaporation will be accompanied 
' Roozeboom, Zeitschr. physikal. Chem., 1892, 10. 477. 
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by fusion of the ice, and the quantity of solution will remain 
constant. Such solutions are called i7ievaporable} 

Illustration. — In order to illustrate the application of the 
principles of the Phase Rule to the study of systems formed by 
a volatile and a non-volatile component, a brief description 
may be given of the behaviour of sulphur dioxide and potassium 
iodide, which has formed the subject of a recent investigation. 
After it had been found ^ that liquid sulphur dioxide has the 
property of dissolving potassium iodide, and that the solutions 
thus obtained present certain peculiarities of behaviour, the 
question arose as to whether or not compounds are formed 
between the sulphur dioxide and the potassium iodide, and if 
so, what these compounds are. To find an answer to this 
question, Walden and Centnerszwer '^ made a complete investi- 
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gation of the solubility curves (equilibrium curves) of these two 
components, the investigation extending from the freezing point 
to the critical point of sulphur dioxide. For convenience of 
reference, the results which they obtained are represented 
diagrammatically in Fig. 41. The freezing point (A) of pure 
sulphur dioxide was found to be --']2'']°. Addition of potas- 
sium iodide lowered the freezing point, but the maximum de- 
pression obtained was very small, and was reached when the 
concentration of the potassium iodide in the solution was only 
0.336 mols. per cent. Beyond this point, an increase in the 
concentration of the iodide was accompanied by an elevation 
of the freezing point, the change of the freezing point with the 
concentration being represented by the curve BC. The solid 
' Meyerhoffer, Ber., 1897, 30. 1810. ^ Walden, Ber., 1899, 32. 2863. 
' Zeitschr. physikal. Chem., 1903, 42. 432. 
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which separated from the solutions represented by BC was a 
bright ^f/Z^ze* crystalline substance. At the point C (—23-4°) 
a temperature-maximum was reached; and as the concentra- 
tion of the potassium iodide was continuously increased, the 
temperature of equilibrium first fell and then slowly rose, until 
^t -f-o"26° (E) a second temperature-maximum M'as registered. 
On passing the point D, the solid which was deposited from 
the solution was a red crystalline substance. On withdrawing 
sulphur dioxide from the system, the solution became turbid, 
and the temperature remained constant. The investigation 
was not pursued farther at this point, the attention being then 
directed to the equilibria at higher temperatures. 

When a solution of potassium iodide in liquid sulphur 
dioxide containing i'49 per cent, of potassium iodide was 
heated, solid (potassium iodide) was deposited at a temperature 
of 96'4°. Solutions containing more than about 3 per cent, of 
the iodide separated, on being heated, into two layers, and the 
temperature at which the liquid became heterogeneous fell as 
the concentration was increased ; a temperature-minimum being 
obtained with solutions containing 12 per cent of potassium 
iodide. On the other hand, solutions containing 30*9 per cent, 
of the iodide, on being heated, deposited potassium iodide; 
while a solution containing 24*5 per cent, of the salt first 
separated into two layers at 89"3°, and then, on cooling, solid 
was deposited and one of the liquid layers disappeared. 
- Such are, in brief, the results of experiment; their inter- 
pretation in the light of the Phase Rule is the following : — 

The curve AB is the freezing-point curve of solid sulphur 
dioxide in contact with solutions of potassium iodide. BCD 
is the solubility curve of the yellow crystalline solid which is 
deposited from the solutions. C, the temperature-maximum, is 
the melting point of this yellow solid, and the composition of 
the latter must be the same as that of the solution at this 
point (p. 143), which was found to be that represented by the 
formula KI,i4S02. B is therefore the eutectic point, at which 
solid sulphur dioxide and the compound KI, 14802 can exist 
together in equilibrium with solution and vapour. The curve 
DE is the solubility curve of the red crystalline solid, and the 
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point E, at which the composition of solution and solid is the 
same, is the melting point of the solid. The composition of 
this substance was found to be KI,4S02.^ D is, therefore, the 
eutectic point at which the compounds KI,i4S02 and KI,4S0., 
can coexist in equilibrium with solution and vapour. The 
curve DE does not exhibit a retroflex portion ; on the contrary, 
on attempting to obtain more concentrated solutions in equi- 
librium with the compound KI,4S02, a new solid phase (probably 
potassium iodide) was formed. Since at this point there are 
four phases in equilibrium, viz. the compound KI,4S02, 
potassium iodide, solution, and vapour, the system is invariant. 
E is, therefore, the transition point for KI,4S02 and KI. 

Passing to higher temperatures, FG is the solubility curve 
of potassium iodide in sulphur dioxide; at G two liquid 
phases are formed, and the system therefore becomes invariant 
(cf. p. i2i). The curve GHK is the solubility curve for two 
partially miscible liquids j and since complete miscibility occurs 
on lowering the temperature, the curve is similar to that ob- 
tained with triethylamine and water (p. 99). K is also an 
invariant point at which potassium iodide is in equilibrium 
with two liquid phases and vapour. 

The complete investigation of the equilibria between sulphur 
dioxide and potassium iodide, therefore, shows that these two 
components form the compounds KI,i4S02 and KI,4S02; 
and that when solutions having a concentration between those 
represented by the points G and K are heated, separation into 
two layers occurs. The temperatures and concentrations of 
the different characteristic points are as follows : — 







Composition of 


Point. 


Temperature. 


the solution 
per cent. KI. 


A (m.p. of SO2) 


-727° 


. 


B (eutectic point) 




0-86 


C (m.p. of KI,l4SOj) . . 


-23-4° 


17-63 


E (m.p. of KI,4S02) . 


-l-0'26° 


39'33 


G (KI + two liquid pJiases) . 


(about) 88° 


24-0 


H (critical solution point) 


77-3° 


12 


K (KI 4- two liquid phases) . 


(about) 88° 


27 



' This composition was also confirmed by measurements of the vapour 
pressure (cf. p. 88). 



CHAPTER IX. 

EQUILIBRIA BETWEEN TWO VOLATILE COMPONENTS. 

General. — In the two preceding chapters certain restrictions 
were imposed on the discussion of the equihbria between two 
components ; but in the present chapter the restriction that only 
one of the components is volatile will be allowed to fall, and 
the general behaviour of two volatile ^ components, each of 
which is capable of forming a liquid solution with the other, 
will be studied. As we shall see, however, the removal of the 
previous restriction produces no alteration in the general aspect 
of the equilibrium curves for concentration and temperature, 
but changes to some extent the appearance of the pressure- 
temperature diagram. The latter would become still more 
complicated if account were taken not only of the total pressure 
but also of the partial pressures of the two components in the 
vapour phase; this complication, however, will not be intro- 
duced in the present discussion.^ In this -chapter we shall 
consider the systems formed by the two components iodine and 
chlorine, and sulphur dioxide and water. 

Iodine and Chlorine. — The different systems furnished by 
iodine and chlorine, rendered classical by the studies of Stor- 
tenbeker,^ form a very complete example of equilibria in a 
two-component system. We shall first of all consider the 

' Since all substances are no doubt volatile to a certain extent at some 
temperature, it is to be understood here that the substances are appreciably 
volatile at the temperature of the experiment. 

' For a general discussion of the partial pressures in a system of two 
components, see ^uncroit, Journ. Physical Ckem., 1899, 3. I. 

' Zeitschr. physikal. CAeni., 1889, 3. 11 ; Rec. trav. cliim. Pays-Bos, 
1888, 7. 152. 
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relations between concentration and temperature, with the help 
of the accompanying diagram, Fig. 42. 



HA 

X'Sft 
i,9 



Composition of the solutions l~Clx 
in equiliJjrium with the solid j 




0' M' SO' SO' 



.!i)' m" 10' 80' 
Fig. 42. 



100' ijif 120' 



Concentration-Temperature Diagram. — In this diagram the 
temperatures are taken as the abscissae, and the composition of 
the solution, expressed in atoms of chlorine to one atom of 
iodine,^ is represented by the ordinates. In the diagram, A 
represents the melting point of pure iodine, 114°. If chlorine 
is added to the system, a solution of chlorine in liquid iodine 
is obtained, and the temperature at which solid iodine is in 
equilibrium with the liquid solution will be all the lower the 
greater the concentration of the chlorine. We therefore obtain 
the curve ABF, which represents the composition of the solution 

' The composition of a solution is represented symbolically by placing 
a double wavy line between the symbols of the components, and indi- 
cating the number of atoms present in the ordinary manner : thus, 
I .:zzi C\x represents a solution containing x atoms of chlorine to one 
atom of iodine (Roozeboom, Zeitschr. physikal. C/iem., 1888, 2. 450). 
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with which solid iodine is in equilibrium at different tempera- 
tures. This curve can be followed down to o°, but at tempera- 
tures below T<f (B) it represents metastable equilibria. At B 
iodine monochloride can be formed, and if present the system 
becomes invariant ; B is therefore a quadruple point at which 
the four phases, iodine, iodine monochloride, solution, and 
vapour, can coexist. Continued withdrawal of heat at this 
point will therefore lead to the complete solidification of the 
solution to a mixture or conglomerate of iodine and iodine 
monochloride, while the temperature remains constant during 
the process. B is the eutectic point for iodine and iodine 
monochloride. 

Just as we found in the case of aqueous salt solutions that 
at temperatures above the cryohydric or eutectic point, two 
different solutions could exist, one in equilibrium with ice, the 
other in equilibrium with the salt (or salt hydrate), so in the 
case of iodine and chlorine there can be two solutions above 
the eutectic point B, one containing a lower proportion of 
chlorine in equilibrium with iodine, the other containing a 
higher proportion of chlorine in equilibrium with iodine mono- 
chloride. The composition of the latter solution is represented 
by the curve BCD. As the concentration of chlorine is 
increased, the temperature at which there is equilibrium between 
iodine monochloride and solution rises until a point is reached 
at which the composition of the solution is the same as that of 
the solid. At this point (C), iodine monochloride melts. 
Addition of one of the components will lower the temperature 
of fusion, and a continuous curve,"- exhibiting a retroflex 
portion as in the case of CaC]2,6H20, will be obtained. At 
temperatures below its melting point, therefore, iodine mono- 
chloride can be in equilibrium with two different solutions. 

The upper portion of this curve, CD, can be followed 
downwards to a temperature of 227°. At this temperature 
iodine trichloride can separate out, and a second quadruple 
point (D) is obtained. This is the eutectic point for iodine 
monochloride and iodine trichloride. 

^ Since iodine monocUoride in the liquid state is only very slightly 
dissociated, the bend at C is very sharp (see p. 145, footnote). 
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By addition of heat and increase in the amount of chlorine, 
the iodine monochloride disappears, and the system passes 
along the curve DE, which represents the composition of the 
solutions in equilibrium with solid iodine trichloride. The 
concentration of chlorine in the solution increases as the 
temperature is raised, until at the point E, where the solution 
has the same composition as the solid, the maximum temperature 
is reached ; the iodine trichloride melts. On increasing still 
further the concentration of chlorine in the solution, the tem- 
perature of equilibrium falls, and a continuous curve, similar to 
that for the monochloride, is obtained. The upper branch of 
this curve has been followed down to a temperature of 30°, the 
solution at this point containing 99"6 per cent, of chlorine.' 
The very rounded form of the curve is due to the trichloride 
being largely dissociated in the liquid state. 

One curve still remains to be considered. As has already 
been mentioned, iodine monochloride can exist in two crystalline 
forms, only one of which, however, is stable at temperatures 
below the melting point ; the two forms are monotropic (p. 42). 
The stable form which melts at 27"2°, is called the a-form, 
while the less stable variety, melting at i3'9°, is known as the 
^-form. If, now, the presence of a-ICl is excluded, it is 
possible to obtain the /3-form, and to study the conditions of 
equilibrium between it and solutions of iodine and chlorine, 
from the eutectic point F to the melting point G. As the 
/3-ICl becomes less stable in presence of excess of chlorine, it 
has not been possible to study the retroflex portion of the 
curve represented by the dotted continuation of FG. 

The following table gives some of the numerical data from 
which Fig. 42 was constructed. - 

' This upper branch of the curve is not shown in the figure, as the 
ordinate corresponding to 30° would be very great. 

- Stortenbeker, Zeitschr. pJiysihal. Chetn., 1889, 3. 22. 
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Iodine and Chlorine. 
I. Invariant systems. 



Temperature, 


Pressure. 


Phases present. 


Solid. 


Liquid. 


Vapour. 


7-9° 

0-9° 

227° 

[-102° 


II mm. 

42 mm. 
< I atm. 


I^.O-ICI 

a-ICI.IClj 
IClj.CU 


I=--C1„.„ 


I + Clo.., 

I + C1,.,3 

I+CU 



II. Melting points. 

A. Iodine,^ ii4T5° (pressure 89*8 mm.). 
C. a-Iodine monochloride, 27 '2° (pressure 37 mm.). 
E. Iodine trichloride, iot° (pressure 16 atm.). 
G. ;8-Iodine monochloride, 13 '9°. 

Since the vapour pressure at the melting point of iodine 
trichloride amounts to 16 atm., the experiments must of course 
be carried out in closed vessels. At 637° the vapour pressure 
of the system trichloride — solution — vapour is €qual to i atm. 

Pressure-Temperature Diagram. — In this diagram there are 
represented the values of the vapour pressure of the saturated 
solutions of chlorine and iodine. To give a complete picture 
of the relations between pressure, temperature, and concentra- 
tion, a solid model would be required, with three axes at right 
angles to one another along which could be measured the 
values of pressure, temperature, and concentration of the com- 
ponents in the solution. Instead of this, however, there may 
be employed the accompanying projection figure ^ (Fig. 43), 
the lower portion of which shows the projection of the equili- 
brium curve on the surface containing the concentration and 
temperature axes, while the upper portion is the projection on 
the plane containing the pressure and temperature axes. The 
lower portion is therefore a concentration-temperature diagram ; 

' Ramsay and Young, Journ. Ckem. Soc, 1886, 49. 458. 

^ Van't Hoff, Lectures on Physical Chemistry, I. p. 77 (Arnold). 
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the upper portion, a pressure-temperature diagram. The corre- 
sponding points of the two diagrams are joined by dotted 
lines. 

Corresponding to the point C, the melting point of pure 
iodine, there is the point C, which represents the vapour 
pressure of iodine at its melting point. At this point three 



Pressure, 




-io2°(<76oMm.>^ — 



Fig. 43. 



curves cut: i, the sublimation curve of iodine; 2, the vapori- 
zation curve of fused iodine ; 3, CiBj, the vapour-pressure 
curve of the saturated solutions in equilibrium with solid 
iodine. Starting, therefore, with the system solid iodine— liquid 
iodine, addition of chlorine will cause the temperature of equili- 
brium to fall continuously, while the vapour pressure will first 
increase, pass through a maximum and then fall continuously 
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until the eutectic point, B (Bi), is reached.^ At this point the 
system is invariant, and the pressure will therefore remain 
constant until all the iodine has disappeared. As the concen- 
tration of the chlorine increases in the manner represented by 
the curve B/H, the pressure of the vapour also increases as 
represented by the curve Bj/iHi. At Hj, the eutectic point for 
iodine monochloride and iodine trichloride, the pressure again 
remains constant until all the monochloride has disappeared. 
As the concentration of the solution passes along the curve 
HF, the pressure of the vapour increases as represented by the 
curve HiFj ; Fj represents the pressure of the vapour at the 
melting point of iodine trichloride. If the concentration of the 
chlorine in the solution is continuously increased from this 
point, the vapour pressure first increases and then decreases, 
until the eutectic point for iodine trichloride and solid chlorine 
is reached (Dj). Curves CI2 solid and CI3 liquid represent the 
sublimation and vaporization curves of chlorine, the melting 
point of chlorine being — 102°. 

Although complete measurements of the vapour pressure of 
the different systems of pure iodine to pure chlorine have not 
been made, the experimental data are nevertheless sufficient to 
allow of the general form of the curves being indicated with 
certainty. 

Bivariant Systems. — To these, only a brief reference need 
be made. Since there are two components, two phases will 
form a bivariant system. The fields in which these systems 
can exist are shown in Fig. 43 and Fig. 44, which is a more 
diagrammatic representation of a portion of Fig. 43. 
I. Iodine — vapour. 
II. Solution — vapour. 

III. Iodine trichloride — vapour. 

IV. Iodine monochloride — vapour. 

The conditions for the existence of these systems will probably 
be best understood from Fig. 44. Since the curve B'A' 

' This is different from wliat we found in the case of non-volatile 
solutes (p. 124). In the present case, the partial pressure of the iodine in 
the vapour will be lowered by addition of chlorine, but the total pressure is 
increased. 




Fig. 44. 



166 THE PHASE RULE 

represents the pressures under which the system iodine — 
solution — vapour can exist, increase of volume (diminution of 

pressure) will cause the 
volatilization of the so- 
lution, and the system 
iodine — vapour will re- 
main. If, therefore, we 
start with a system re- 
presented by a, diminu- 
tion of pressure at con- 
stant temperature will 
~- , lead to the condition re- 
presented by X. On the 
other hand, increase of 

pressure at a will lead to 

the condensation of a 
portion of the vapour 
phase. Since, now, the concentration of chlorine in the vapour 
is greater than in the solution, condensation of vapour would 
increase the concentration of chlorine* in the solution ; a 
certain amount of iodine must therefore pass into solution in 
order that the composition of the latter shall remain unchanged.^ 
If, therefore, the volume of vapour be sufficiently great, con- 
tinued diminution of volume will ultimately lead to the 
disappearance of all the iodine, and there will remain only 
solution and vapour (field II.). As the diminution of volume 
is continued, the vapour pressure and the concentration of the 
chlorine in the solution will increase, until when the pressure 
has reached the value b, iodine monochloride can separate out. 
The system, therefore, again becomes univariant, and at 
constant temperature the pressure and composition of the 
phases must remain unchanged. Diminution of volume will 
therefore not effect an increase of pressure, but a condensation 
of the vapour ; and since this is richer in chlorine than the 

' The diminution of volume is supposed to be carried out at constant 
temperature. The pressure and the composition of the phases must, 
therefore, remain unchanged, and only the relative amounts of these can 
undergo alteration. 
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solution, solid iodine monochloride must separate out in order 
that the concentration of the solution remain unchanged.^ 
As the result, therefore, we obtain the bivariant system iodine 
monochloride — vapour. 

A detailed discussion of the effect of a continued increase 
of pressure will not be necessary. From what has already been 
said and with the help of Fig. 44, it will readily be understood 
that this will lead successively to the univariant system {c), 
iodine monochloride — solution — vapour ; the bivariant system 
solution — vapour (field II.) ; the univariant system {d), iodine 
trichloride — solution — vapour; and the bivariant system x\ 
iodine trichloride — vapour. If the temperature of the experi- 
ment is above the melting point of the monochloride, then 
the systems in which this compound occurs will not be 
formed. 

Sulphur Dioxide and Water. — In the case just studied we 
have seen that the components can combine to form definite 
compounds possessing stable melting points. The curves of 
equilibrium, therefore, resemble in their general aspect those 
of calcium chloride and water, or of ferric chloride and water. 
In the case of sulphur dioxide and water, however, the melting 
point of the compound formed cannot be realized, because 
transition to another system occurs; retrofiex concentration- 
temperature curves are therefore not found here, but the curves 
exhibit breaks or sudden changes in direction at the transition 
points, as in the case of the systems formed by sodium sulphate 
and water. The case of sulphur dioxide and water is also of 
interest from the fact that two liquid phases can be formed. 

The phases which occur are — Solid : ice, sulphur dioxide 
hydrate, S02,7H20. Liquid : two solutions, the one contain- 
ing excess of sulphur dioxide, the other excess of water, and 
represented by the symbols 80^-; .*H„0 (solution I.), and 
H2O ;'-, j/SOa (solution II.). Vapour: a mixture of sulphur 
dioxide and water vapour in varying proportions. Since there 
are two components, sulphur dioxide and water, the number of 

' At point b the ratio of chlorine to iodine in the solution is less than 
in the monochloride, so that by the separation of this the excess of chlorine 
yielded by the condensation of the vapour is removed. 
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possible systems is considerable. Only the following, however, 
have been studied : — 

I. Invariant Systems : Four co-existifig phases. 

(a) Ice, hydrate, solution, vapour. 

{l>) Hydrate, solution I., solution II., vapour. 

II. Univariant Systems : Three co-existing phases. 

(a) Hydrate, solution I., vapour. 

(d) Hydrate, solution II., vapour. 

(c) Solution I., solution II., vapour. 

(d) Hydrate, solution I., solution II. 

(e) Hydrate, ice, vapour. 
(/) Ice, solution II., vapour. 

(g) Ice, hydrate, solution II. 

III. Bivariant Systems : Two co-existing phases. 

(a) Hydrate, solution I. 
(6) Hydrate, solution II. 

(c) Hydrate, vapour. 

(d) Hydrate, ice. 

(e) Solution I., solution II. 
(/) Solution I., vapour. 

(g) Solution I., ice. 

(h) Solution II., vapour. 

(/) Solution II., ice. 

(/) Ice, vapour. 
Pressure-Temperature Diagram.' — If sulphur dioxide is 
passed into water at o°, a solution will be formed and the 
temperature at which ice can exist in equilibrium with this 
solution will fall more and more as the concentration of the 
sulphur dioxide increases. At — 2'6°, however, a cryohydric 
point is reached at which solid hydrate separates out, and the 
system becomes invariant. The curve AB (Fig„ 45) therefore 
represents the pressure of the system ice — solution II. — vapour, 
and B represents the temperature and pressure at which the 
invariant system ice — hydrate — solution II. — vapour can exist. 
At this point the temperature is —2'6°, and the pressure 2i"i cm. 
If heat is withdrawn from this system, the solution will ultimately 

' Roozeboom, AVc. /rav. c/iim. Pays-Bas, 1S84, 3. 29 ; 1885, 4. 65 ; 
Zcitschr. physikal. Chein., 1888, 2, 450. 
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solidify to a mixture of ice and hydrate, and there will be 
obtained the univariant system ice — hydrate^vapour. The 
vapour pressure of this system has been determined down to a 
temperature of —9 '5°, at which temperature the pressure 
amounts to 15 cm. The pressures for this system are repre- 
sented by the curve BC. If at the point B the volume is 
diminished, the pressure must remain constant, but the relative 
amounts of the different phases will undergo change. If suit- 
able quantities of these are present, diminution of volume will 
ultimately lead to the total condensation of the vapour phase, 

I 




Fig. 45. 

and there will remain the univariant system ice — hydrate — solu- 
tion. The temperature of equilibrium of this system will alter 
with the pressure, but, as in the case of the melting point of a 
simple substance, great differences of pressure will cause only 
comparatively small changes in the temperature of equilibrium. 
The change of the cryohydric point with the pressure is 
represented by the line BE j the actual values have not been 
determined, but the curve must slope towards the pressure axis 
because fusion is accompanied by diminution of volume, as in 
the case of pure ice. 
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A fourth univariant system can be formed at B. This is 
the system hydrate— solution II. — vapour. The conditions for 
the existence of this system are represented by the curve BF, 
which may therefore be regarded as the vapour-pressure curve 
of the saturated solution of sulphur dioxide heptahydrate in 
water. Unlike the curve for iodine trichloride — solution — 
vapour, this curve cannot be followed to the melting point of the 
hydrate. Before this point is reached, a second liquid phase 
appears, and an invariant system consisting of hydrate — solution 
I. — solution II. — vapour is formed. We have here, therefore, 
the phenomenon of melting under the solution as in the case of 
succinic nitrile and water (p. 120). This point is represented 
in the diagram by F; the temperature at this point is i2'i°, 
and the pressure 177 '3 cm. The range of stable existence of 
the hydrate is therefore from — 2'6° to i2'i°; nevertheless, the 
curve FB has been followed down to a temperature of — 6°, at 
which point ice formed spontaneously. 

So long as the four phases hydrate, two liquid phases, and 
vapour are present, the condition of the system is perfectly 
defined. By altering the conditions, however, one of the phases 
can be made to disappear, and a univariant system will then 
be obtained. Thus, if the vapour phase is made to disappear, 
the univariant system solution I. — solution II. — hydrate, will be 
left, and the temperature at which this system is in equilibrium 
will vary with the pressure. This is represented by the curve 
FI ; under a pressure of 225 atm. the temperature of equilibrium 
is i7'i°. Increase of pressure, therefore, raises the temperature 
at which the three phases can coexist. 

Again, addition of heat to the invariant system at F will 
cause the disappearance of the solid phase, and there will be 
formed the univariant system solution I.' — solution II. — vapour. 
In the case of this system the vapour pressure increases as the 
temperature rises, as represented by the curve FG. Such a 
system is analogous to the case of ether and water, or other 
two partially miscible liquids (p. loi). As the temperature 
changes, the composition of the two liquid phases will undergo 
change ; but this system has not been studied fully. 

The fourth curve, which ends at the quadruple point F, is 
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that representing the vapour pressure of the system hydrate — 
solution I. — vapour (FH). This curve has been followed to 
a temperature of 0°, the pressure at this point being 113 cm. 
The metastable prolongation of GF has also been determined. 
Although, theoretically, this curve must lie below FH, it was 
found that the difference in the pressure for the two curves was 
within the error of experiment. 

Bi variant Systems. — The different bivariant systems, con- 
sisting of two phases, which can exist within the range of 
temperature and pressure included in Fig. 45, were given on 
p. 168. The conditions under which these systems can exist 
are represented by the areas in the diagram, and the fields of 
the different bivariant systems are indicated by letters, corre- 
sponding to the letters on p. 168. Just as in the case of one- 
component systems (p. 27), we found that the field lying 
between any two curves gave the conditions of existence of that 
phase which was common to the two curves, so also in the case 
of two-component systems, a bivariant two-phase system occurs 
in the field enclosed ' by the two curves to which the two phases 
are common. As can be seen, the same bivariant system can 
occur in more than one field. 

As is evident from Fig. 45, three different bivariant systems 
are capable of existing in the area HFI ; which of these will be 
obtained will depend on the relative masses of the different 
phases in the univariant or invariant system. Thus, starting 
with a system represented by a point on the curve HF, 
diminution of volume at constant temperature will cause the 
condensation of a portion of the vapour, which is rich in 
sulphur dioxide ; since this would increase the concentration 
of sulphur dioxide in the solution, it must be counteracted by 
the passage of a portion of the hydrate (which is relatively poor 
in sulphur dioxide) into the solution. If, therefore, the amount 
of hydrate present is relatively very small, the final result of the 
compression will be the production of the system /, solution 
I. — vapour. On the other hand, if the vapour is present in 
relatively small amount, it will be the first phase to disappear, 

' Two curves "enclose" a field when they form with one another an 
angle less than two right angles. 
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and the bivariant system a, hydrate — solution I., will be obtained. 
Finally, if we start with the invariant system at F, compression 
will cause the condensation of vapour, while the composition 
of the two solutions will remain unchanged. When all the 
vapour has disappeared, the univariant system hydrate — solution 
I. — solution II. will be left. If, now, the pressure is still further 
increased, while the temperature is kept below 12°, more and 
more hydrate must be formed at the expense of the two Hquid 
phases (because 12° is the lower limit for the coexistence of 
the two liquid phases), and if the amount of the solution I. 
(containing excess of sulphur dioxide) is relatively small, it will 
disappear before solution II., and there will be obtained the 
bivariant system hydrate — solution II. (bivariant system b). 

In a similar manner, account can be taken of the formation 
of the other bivariant systems. 

A behaviour similar to that of sulphur dioxide and water is 
shown by chlorine and water and by bromine and water, 
although these have not been so fully studied.' In the case of 
hydrogen bromide and water, and of hydrogen chloride and 
water, a hydrate, viz. HBr,2HaO and HC1,2H20, is formed 
which possesses a definite melting point, as in the case of 
iodine trichloride. In these cases, therefore, a retroflex curve 
is obtained. Further, just as in the case of the chlorides of 
iodine the upper branch of the retroflex curve ended in a 
eutectic point, so also in the case of the hydrate HBr,2H.^0 
the upper branch of the curve ends in a eutectic point at which 
the system dihydrate — monohydrate — solution — vapour can 
exist. Before the melting point of the monohydrate is reached, 
two liquid phases are formed, as in the case of sulphur dioxide 
and water. 

' Roozeboom, Zeitschr. physikal. Chetn., loc. cit. 



CHAPTER X 

SOLID SOLUTIONS. MIXED CRYSTALS 

General. — With the conception of gaseous and liquid solutions, 
every one is familiar. Gases can mix in all proportions to form 
homogeneous solutions. Gases can dissolve in or be " absorbed " 
by liquids ; and solids, also, when brought in contact with 
liquids, "pass into solution'' and yield a homogeneous liquid 
phase. On the other hand, the conception of a solid solution is 
one which in many cases is found more difficult to appreciate ; 
and the existence and behaviour of solid solutions, in spite of 
their not uncommon occurrence and importance, are in general 
comparatively little known. 

The reason of this is to be found, to some extent, no doubt, 
in the fact that the term " solid solution '' was introduced at a 
comparatively recent date,^ but it is probably also due in some 
measure to a somewhat hazy comprehension of the definition of 
the term " solution " itself. As has already been said (p. 90), a 
solution is a homogeneous phase, the composition of which can 
vary continuously within certain limits ; the definition involves, 
therefore, no condition as to the physical state of the substances. 
Accordingly, solid solutions are homogeneous solid phases, the 
composition of which can undergo continuous variation within 
certain limits. Just as we saw that the range of variation of 
composition is more limited in the case of liquids than in the 
case of gases, so also we find that the limits of miscibility are 
in general still more restricted in the case of solids. Examples 
of complete miscibility are, however, not unknown even in the 
case of solid substances. 

Solid solutions have long been known, although, of course, 
' Van't Hoff, Zeitschr. physikal. Chem., 1890, 5. 323. 
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they were not defined as such. Thus, the phenomena of 
" occlusion " of gases by metals and other substances (occlusion 
of hydrogen by palladium ; occlusion of hydrogen by iron) are 
due to the formation of solid solutions. The same is probably 
also true of the phenomena of "adsorption,'' as in the removal 
of organic colouring matter by charcoal, although, in this case, 
surface tension no doubt plays a considerable part.^ 

As examples of the solution of gases in solids there may be 
cited (in addition to the phenomena of occlusion already 
mentioned), the hydrated silicates and the zeolites. During 
dehydration these crystalline substances remain clear and 
transparent, and the pressure of the water vapour which they 
emit varies with the degree of hydration or the concentration 
of water in the mineral.^ As examples of the solution of solids 
in solids we have the cementation of iron by charcoal, the 
formation of glass, and the crystallization together of isomor- 
phous substances. 

In discussing the equilibria in systems containing a solid 
solution, it is of essential importance to remember that a solid 
solution constitutes only otie phase, a phase of varying com- 
position, as in the case of liquid solutions. 

Solution of Gases in Solids. — Comparatively little work 
has been done in this connection, the investigations being 
limited chiefly to the phenomena of occlusion or adsorption of 
gases by charcoal.'' We shall, therefore, indicate only briefly 
and in a general manner, the behaviour which the Phase Rule 
enables us to foresee.'' 

' Bancroft has proposed to restrict the term "occlusion" to the for- 
mation of solid solutions, and to apply " adsorption " only to effects 
which are primarily due to surface tension. Such a distinction, however, 
would probably be very difficult to carry through, for although adsorption 
may, in large measure, be due to surface tension, the behaviour of adsorbed 
substances is similar to that of substances existing in solid solutions. 

■ Tammann, Wied. Annakn, 1897, 63. 16; Zeitschr. physikal. Chem., 
1898, 27. 323. 

' See, for example, Chappuis, WieJ. Annakn, 1881, 12. 161 ; Joulin, 
Annal. Mm. phys. 18S1, [5J, 22. 398 ; Kayser, Wied. Annakn, 1881, 12. 
526. 

' Hoitsema, Zeitschr. physikal. Chcm., 1895, 17. i. 
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In dealing with the systems formed by the two phases gas — 
solid, three chief cases call for mention : — ■ 

I. The gas is not absorbed by the solid, but when the pressure 
reaches a certain value, combination of the two components can 
result. 

The graphic representation of such a system is shown in 

Fig. 46, the ordinates being the pressures of the gas, and the 

abscissa the concentrations of the . 

P 
gaseous component m the solid 

phase. Since there is no formation 
of a solid solution, the concentration 
of gas in the solid phase remains 
zero until the pressure has increased 
to the point A. At this point com- 
bination can take place. There will 
now be three phases present, viz. ^"^- 4^- 

solid component, compound, and vapour. The system is 
therefore univariant, and if the temperature is maintained 
constant, the vapour pressure will be constant, irrespective of 
the amount of compound formed, i.e. irrespective of the rela- 
tive amounts of gas and solid. This is shown by the line 
AB. When the solid component has entirely disappeared, the 
system ceases to be univariant, and if no absorption occurs, the 
pressure will increase again, as shown by EC. If a second 
compound can be formed, then a second /c-line will be 
obtained, similar to the preceding. To this group belong 
the salt hydrates (Chap. VII.). 

II. The gas may be absorbed and may also form a compound. 

If absorption of gas occurs with formation of a solid solu- 
tion, then, as the system consists of two phases, solution — 
vapour, it is bivariant. At constant temperature, therefore, the 
pressure will still vary with the concentration of the gaseous 
component in the solid phase. This is represented by the 
curve AB in Fig. 47. When, however, the pressure has 
reached a certain value, combination can take place ; and 
since there are now three phases present, the system is uni- 
variant, and at constant temperature the pressure is constant, 
as shown by the line BC. 
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III. Absorption of gas occurs, but at a certain concentration 
the solid solution can separate into two immiscible solid solutions. 
We have seen, in Chapter VI., that two liquids can form 
two immiscible solutions, and the same has also been found 
true of solid solutions, as we shall pre- 
sently learn more fully. If, now, two 
immiscible solutions are formed,' then 

C the system will become univariant, and 

at constant temperature the/ocurve will 
be a straight line, as in the case of the 
'■ formation of a compound (of. p. 84). 
47- -phg behaviour of this system will, 

therefore, also be represented diagrammatically by Fig. 47. 

Palladium and Hydrogen. — The phenomenon of the ab- 
sorption of hydrogen by palladium, to which Graham gave the 
name " occlusion," is one that has claimed the attention of 
several investigators. Although Graham was not of opinion 
that a compound is formed, but rather that the gas undergoes 
very great condensation, acts as a quasi-metal (to which he 
gave the name hydrogenium), and forms a homogeneous alloy 
with the palladium, later investigations, especially those of 
Troost and Hautefeuille,^ pointed to the formation of a definite 
chemical compound, having the formula PdjH. This conclu- 
sion has, however, not been confirmed by^ subsequent investi- 
gation.^ 

Roozeboom and Hoitsema^ sought to arrive at a final 
decision as to the nature of the phenomenon by an investiga- 
tion of the equilibrium between hydrogen and palladium on 
the basis of the Phase Rule classification given above. If a 
compound is formed, diminution of volume would cause no 
increase of pressure, but only an increase in the amount of 
the compound. 

As this is the only case of gas absorption which has been 

' Annates chim. phys., 1S74, [5], 2. 279. 
Hoitsema, Zeitschr. pjiysikal. Chem., 1895, 17. i ; Dewar, Phil. 
Mag., 1874, [4], 47. 324, 342 ; Mond, Ramsay and Shields, Proc. Royal 
Soc, 1897, 62. 290. 

' Loc. cit. 



SOLID SOLUTIONS. MIXED CRYSTALS 177 



2100 



g'lSOO 




accurately studied from this point of view, a brief account of 
the results obtained will be given here, although these are not 
so clear and free from ambiguity as one would desire. 

The scientists just mentioned investigated the variation of 
the pressure of hydrogen with the amount absorbed by the 
metal at different tem- 
peratures, and a few of 
their results, typical of 
all, are represented gra- 
phically in Fig. 48 ; the 
curves indicating the 
variation of the gas 
pressure with the con- 
centration of the hydro- 
gen in the palladium at 
the temperatures 120°, 
170°, and 200°. As can 
be seen, the curve con- 
sists of three parts, an 
ascending portion which 
passes gradually and continuously into an almost horizontal 
but slightly ascending middle part, which in turn passes without 
break into a second rapidly ascending curve. This, as Fig. 48 
indicates, is the general form of the curve ; but the length 
of the middle portion varies with the temperature, being 
shorter at higher than at lower temperatures. 

What is the interpretation to be put on these curves ? With 
regard to the two end portions, these represent bivariant, two- 
phase systems, consisting of a solid solution and gas. They 
correspond, therefore, to curve AB in Fig. 47. If the middle 
portion were horizontal, it would indicate either the formation 
of a compound or of two immiscible solid solutions. If a 
compound PdaH were formed, then the middle portion would 
at all temperatures end at the same value of the concentration, 
viz. that corresponding to o"5 atoms of hydrogen to i atom of 
palladium. As the figure shows, however, this is not the case ; 
the higher the temperature, the lower is the concentration at 
which the middle passes into the terminal portion of the curve. 

N 
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Such a behaviour would, however, agree with the assumption 
of the formation of two solid solutions, the " miscibility " of 
which increases with the temperature, as in the case of the 
Hquid solutions of phenol and water (p. 95). Nevertheless, 
although the assumption of the formation of two solid solutions 
is more satisfactory than that of the formation of a compound, 
it does not entirely explain the facts. If two solid solutions are 
formed, the pressure curve should be horizontal, but this is not 
the case ; and the deviation from the horizontal does not appear 
to be due to impurities either in the gas or in the metal, but is 
apparently a peculiarity of the system. Further, the gradual 
instead of abrupt passage of the three portions of the curve 
into one another remains unexplained. Hoitsema has expressed 
the opinion that the occlusion of hydrogen by palladium is 
a process of continuous absorption, the peculiar form of the 
curve — the flat middle portion — being possibly due to a con- 
densation of the gas, even at temperatures far above the critical 
temperature of liquid hydrogen. 

While, therefore, the occlusion of hydrogen by palladium 
still presents some unexplained phenomena, the behaviour 
found by Hoitsema would appear to disprove conclusively the 
formation of a definite chemical compound.' 

Solution of Solids in Solids. Mixed Crystals. 

Solutions of solids in solids may be either amorphous or 
crystalline. Examples of the former have already been men- 
tioned; the glasses belong to that group. With the amorphous 
solid solutions, however, we shall not deal here, but shall 
confine our attention to crystalline solid solutions. 

The introduction by van't HofF of the term " solid solution " 
resulted from the discovery of a number of deviations from the 
Raoult-van't Hoff law for the depression of the freezing point 
by dissolved substances. In all cases, the depression was too 

' It is nolewortliy that the form of curve obtained for hydrogen and 
palladium bears a striking resemblance to that for the dehydration of 
colioids containing absorbed water, e.g. silicic acid [vide van Bemmelen, 
Zeitschr. anorg. Cheni., 1897-1900. Cf. Zacharias, Zeitschr. physikal. 
C/iem., 1902, 39. 480). 
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small ; in some instances, indeed, the freezing point may be 
raised. To explain these irregularities, van't Hoff assumed 
that the dissolved substance crystallized out along with the 
solid solvent ; and he showed how this would account for the 
deviations from the law of the depression of the freezing point, 
which had been developed on the assumption that only the 
pure solvent crystallized out from the solution.^ 

The "mixed crystals" which were thus obtained, and 
which van't Hoff called dilute solid solutions, showed great 
resemblance in their behaviour to ordinary liquid solutions, and 
obeyed the laws applicable to these. These laws, however, 
can no longer be applied in the case of the concentrated solid 
solutions formed by the crystallization together of isomorphous 
substances, and known as isomorphous mixtures. Indeed, it 
has been contended ^ that these isomorphous mixtures should 
not be considered as solid solutions at all, although no sharp 
line of demarcation can be drawn between the two classes. 
The differences, .however, in the behaviour of the two groups 
are of a quantitative rather than a qualitative nature ; and since 
we are concerned at present only with the qualitative behaviour, 
we shall make no distinction between the crystalline solid 
solutions and the isomorphous mixtures, but shall study the be- 
haviour of the two classes under the head of " mixed crystals." 

Mixed crystals can be formed either by sublimation^ or 
from a liquid phase ; and in the latter case the mixed crystals 
can be deposited either from solution in a common solvent or 
from a mixture of the fused components. In this method of 
formation, which alone will be discussed in the present chapter, 
we are dealing with the fusion curves of two substances, where, 
however, the liquid solution is in equilibrium not with one of 
the pure components, but with a solid solution or mixed 
crystal. The simple scheme (Fig. 29, p. 115) which was 
obtained in the case of two components which crystallize out 
in the pure state, is no longer sufficient in the case of the 

' Zeitschr. physikal. Chem., 1890, 5. 322. 

^ Kiister, Zeitschr. physikal. Chein., 1895, '■'''• 3^7 ! Bodliinder, Neues 
Jahrluchf. Mineralogie, 1898-99, Beilage Band, 12. 92. 

' Bruni and Padoa, Atti Accad, Lined, 1902 [5], 11. I ; 565. 
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formation of mixed crystals. With the help of the Phase Rule, 
however, the different possible systems can be classified ; and 
examples of the different cases predicted by the Phase Rule 
have also been obtained by experiment. 

We shall now consider briefly the formation of mixed 
crystals by isomorphous substances ; the consideration of the 
formation of mixed crystals of isodimorphous substances will, 
on account of the complexity of the relationships, not be 
undertaken here.' 

Formation of Mixed Crystals of Isomorphous Substances. 

For the purpose of representing the relationships found 
here we shall employ a temperature-concentration diagram,^ in 
which the ordinates represent the temperature and the abscissse 
the concentration of the components. Since there are two 
solutions, the liquid and the solid, and since the concentration 
of the components in these two phases is not, in general, the 
same, two curves will be required for each system, one relating 
to the liquid phase, the other relating to the solid. The 
temperature at which solid begins to be deposited from the 
liquid solution will be called \hQ freezing point oi the mixture, 
and the temperature at which the solid solution just begins to 
liquefy will be called the melting point of the solid solution. 
The temperature-concentration curve for the liquid phase will 
therefore be the freezing-point curve ; that for the solid solu- 
tion, the melting-point curve. The latter will be represented 
by a dotted line.^ 

' Roozeboom, Zdlschr. physikal. Chem., 1899, 30. 385 ; Bruni, Rend. 
Accad. Lincei, 1898, 2. 138, 347. For a general account of "solid solu- 
tions " the reader is referred to Bruni, " Ueberfeste Losungen " (Ahrens'sche 
Sammlung), and to Bodlander, toe. cit. 

- In discussing the various systems which may be obtained here, Rooze- 
boom {loc. cit.) made use of the variation of the thermodynamic potential 
(p. 27) with the concentration. In spite of the advantages which such 
a treatment aifords, the temperature-concentration diagram, employed by 
Bruni [loc. cit.), has been adopted as being more readily understood and as 
more suitable for an elementary discussion of the subject. 

' These curves are also called the " liquidus " and the " solidus " curve 
respectively. 
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I. — The Two Components can form an Unbroken 
Series of Mixed Crystals. 

Since, as has already been pointed out (p. 174), a mixed 
crystal (solid solution) constitutes only one phase, it is evident 
that if the two components are mis- 
cible with one another in all propor- 
tions in the solid state, there can 
never be more than one solid phase 
present, viz. the solid solution or 
mixed crystal. If the components 
are completely miscible in the solid 
state, they will also be completely 
miscible in the liquid state, and there 
can therefore be only one liquid phase. 
The system can at no point become 
invariant, because there can never 
be more than three phases present. 
When, therefore, the two components 
form a continuous series of mixed Composition 

crystals, the equilibrium curve must 49- 

also be continuous. Of these systems three types are found. 

(a) The freezing points of all mixtures lie between the freezing 
points of t}ie pure components (Curve I., Fig. 49). 

Examples. — This type of curve is represented by the 
mixed crystals of naphthalene and /3-naphthol.'^ The addition 
of /8-naphthol to naphthalene raises the freezing point of the 
latter, and the rise is directly proportional to the amount of 
naphthol added. The freezing point curve is therefore a straight 
line joining the melting points of the two components. This 
behaviour, however, is rather exceptional, the freezing-point 
curve lying generally above, sometimes also below, the straight 
line joining the melting points of the pure components. Thus 
the freezing-point curve of mixtures of a-monochlorocinnamic 
aldehyde and a-monobromocinnamic aldehyde ^ lies above the 

' Kiister, Zeitschr. physikal. Chem., 1895, 17. 360. 
' Kiister, ibid., 1891, 8. 589. 
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straight line joining the melting points of the pure components 
(31-22° and 69-56°), as is evident from the following table :— 



Molecules of bromo- 




Deviation from straight 


cinnamic aldehyde in 


Freezing point. 


line. 


100 mols. of mixture. 






O'OO 


31-22° 


_ 


10-48 


37-28' 


2-04° 


21-91 


43-12° 


3-50° 


30-07 


46-80° 


4-05° 


45-04 


52-94° 


4-45° 


62-16 


58-82° 


3-77° 


82-98 


65-07° 


2-03° 


93-50 


67-91° 


0-84° 


100-00 


69-56" 






Melting-point Curve. — This curve, like the freezing-point 
curve, must also be continuous, and the melting points of the 
different solid solutions will lie between the melting points of 
the pure components. This is represented by the dotted line in 
Fig. 49, I. The relative position of the two curves, which can 
be deduced with the help of thermodynamics and also by 
experimental determination, is found in all cases to be in 
accordance with the following rule : At any given temperature, 
the coiicejitration of that component by the addition of which the 
freezing point is depressed, is greater in the liqtiid than in the solid 
pJiase ; or, conversely, the concentration of that component by the 
addition of which the freezing point is raised, is greater in the 
solid than in the liquid phase. An illustration of this rule is 
afforded by the two substances chloro- and bromo-cinnamic 
aldehyde already mentioned. As can be seen from the 
above table, the addition of chlorocinnamic aldehyde lowers 
the melting point of the bromo-compound. In accordance with 
the rule, therefore, the concentration of the chloro-compound 
in the liquid phase must be greater than in the solid phase ; 
and this was found experimentally. At a temperature of 
49-44°, the liquid contained 58-52 per cent.," the sohd only 
52-57 per cent, of the chlorocinnamic aldehyde. 

From this it will also be clear that on cooling a fused 
mixture of two substances capable of forming mixed crystals, 
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the temperature of solidification will not remain constant during 
the separation of the solid ; nor, on the other hand, will the 
temperature of liquefaction of 
the solid solution be constant. 
Thus, for example, if a liquid 
solution of two components, A 
and B, having the composition 
represented by the point x (Fig. 
50), is allowed to cool, the 
system will pass along the line 
XX. At the temperature of the 
point a, mixed crystals will be 
deposited, the composition of 
which will be that represented 
by b. As the temperature con- 
tinues to fall, more and more solid will be deposited; and 
since the solid phase is relatively rich in the component B, the 
liquid will become relatively poorer in this. The composition 
of the liquid solution will therefore pass along the curve ad, the 
composition of the solid solution at the same time passing 
along the curve be; at the point c the liquid will solidify 
completely. 

Conversely, if mixed crystals of the composition and at 
the temperature x are heated, liquefaction will begin at the 
temperature c, yielding a liquid of the composition d. On con- 
tinuing to add heat, the temperature of the mass will rise, more 
of the solid will melt, and the composition of the two phases 
will change as represented by the curves da and ch. When the 
temperature has risen to a, complete liquefaction will have 
occurred. The process of solidification or of liquefaction is 
therefore extended over a temperature interval ac. 

Even when the freezing-point curve is a straight line joining 
the melting points of the pure components, the melting-point 
curve will not necessarily coincide with the freezing-point 
curve, although it may approach very near to it ; complete co- 
incidence can take place only when the melting points of the 
two components are identical. An example of this will be given 
later (Chap. XII.). 
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(/') The freezing-point curve passes through a maximum 

(Curve II., Fig. 49). 

This curve exhibits the greatest degree of contrast to the 

freezing-point curve which is obtained when the pure com- 
ponents crystallize out. For, 
since the curve passes through a 
maximum, it is evident that the 
freezing point of each of the com- 
ponents must be raised by the 
addition of the other component. 

Example. — Very few cases be- 
longing to this type are known. 
The best example is found in the 
freezing-point curve of mixtures of 
d- and /-carvoxime ' (CmHuN.OH). 
The freezing points and melting 

points of the different mixtures of d- and /-carvoxime are given 

in the following table, and represented graphically in Fig. si- 
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Per cent, of 
(/-cai-voxime. 


Per cent, of 
/-carvoxime. 




Freezing point. 


Melting point. 


100 


72-0° 


72-0'' 


99 


I 


72-4° 


— 


98 


2 


73-0° 


— 


95 


5 


75-4° 


73 -0° 


90 


10 


79 'O" 


75'°° 


80 


20 


84-6° 


80 -0° 


70 


30 


88-2° 


85-0° 


60 


40 


90-4° 


— 


50 


5° 


91-4° 


91-4° 


25 


75 


86-4° 


82-0° 


8 


92 


77-4° 


— 


I 


99 


72-4° 


— 





100 


72-0° 


72-0° 



In this figure, the melting-point curve, i.e. the temperature-con- 
centration curve for the mixed crystals, is represented by the 
lower curve. Since the addition of the tevo-form to the 
dextro-form raises the melting point of the latter, the concen- 
tration of the Isevo-form must, in accordance with the rule 
' Adriani, Zeitschr. physikal. Chen,., 1900, 33. 469. 
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given, be greater in the solid phase than in the liquid. Similarly, 
since addition of the dextro-form raises the melting point of 
the Isevo-form, the solid phase must be richer in dextro- than 
in tevo-carvoxime. At the maximum point, the melting-point 
and freezing-point curves touch ; at this point, therefore, the 
composition of the solid and liquid phases must be identical. 
It is evident, therefore, that at the maximum point the liquid 
will solidify, or the solid will liquefy completely without change 
of temperature ; and, accordingly, mixed crystals of the com- 
position represented by the maximum point will exhibit a 
definite melting point, and will in this respect behave like a 
simple substance. 

{c) The freezing-point curve passes through a minimum 
(Curve III., Fig. 49). 

In this case, as in the case of those systems where the pure 
components are deposited, a minimum freezing point is obtained. 
In the latter case, however, there are two freezing-point curves 
which intersect at a eutectic point ; in the case where mixed 
crystals are formed there is only one continuous curve. On 
one side of the minimum point the liquid phase contains 
relatively more, on the other side relatively less, of the one 
component than does the solid phase ; while at the minimum 
point the composition of the two phases is the same. At this 
point, therefore, complete solidification or complete liquefaction 
will occur without change of tem- 
perature, and the mixed crystals 
will accordingly exhibit a definite 
melting point. 

Example. — As an example of 
this there may be taken the mixed 
crystals of mercuric bromide and 
iodide.^ Mercuric bromide melts 
at 236' 5°, and mercuric iodide at 
255-4°. The mixed crystal of ioq% ~ 100% 

definite constant melting point "erB''2 er z 

/ • • ■ N • , Fig. 52. 

(mmimum pomt) contams 59 mols. 

per cent, of mercuric bromide, the melting point being 2i6t". 
' '?^A'!\&e.x's,, Zeitschr. physikal. Chem., 1900, 32,494. 
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The numerical data are contained in the following table, 
and represented graphically in Fig. 52. 



Mols. per cent, of 
HgBra. 



90 
80 
70 

65 

60 

5S 
50 
40 

3° 

20 

10 

o 



Freezing point. 



Melting point. 



236-5° 

228-8° 


236° 
226° 


222-2° 
217-8° 
216-6° 


219° 
217° 
216° 


216-1° ; 

216-3° 
217-3" 

221-1° 


215-5° 
216° 
216° 
218° 


227-8° 
236-2° 
.245-5" 

255-4" ! 


223° 
231° 
242° 
254° 
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Fractional Crystallization of Mixed Crystals.— With the 
help of the diagrams already given it will be possible to predict 

what will be the result of the 
fractional crystallization of a 
fused mixture of two sub- 
stances which can form mixed 
crystals. Suppose, for ex- 
ample, a fused mixture of the 
composition .%• (Fig. 53) is 
cooled down ; then, as we 
have already seen, when the 
temperature has fallen to «, 
mixed crystals of composition, 
h, are deposited. If the temperature is allowed to fall to a-', and 
the solid then separated from the liquid, the mixed crystals so 
obtained will have the composition represented by e. If, now, 
the mixed crystals e are completely fused and the fused mass 
allowed to cool, separation of solid will occur when the 
temperature has fallen to the point /. The mixed crystals 
which are deposited have now the composition represented by 
g, i.e. they are richer in B than tJie original mixed crystals. By 
repeating this process, the composition of the successive crops 
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of mixed crystals whictf are obtained approximates more and 
more to that of the pure component B, while, on the other 
hand, the composition of the liquid phase produced tends to 
that of pure A. By a systematic and methodical repetition of 
the process of fractional crystallization, therefore, a practically 
complete separation of the components can be effected; a 
perfect separation is theoretically impossible. 

From this it will be readily understood that in the case of 
substances the freezing point of which passes througha maximum, 
fractional crystallization will ultimately lead to mixed crystals 
having the composition of the maximum point, while the liquid 
phase will more and more assume the composition of either 
pure A or pure B, according as the initial composition was on 
the A side or the B side of the maximum point. In those 
cases, however, where the curves exhibit a minimum, the solid 
phase which separates out will ultimately be one of the pure 
components, while a liquid phase will finally be obtained which 
has the composition of the minimum point. 

II. — The Two Components do not form a Continuous 
Series of Mixed. Crystals. 

This case corresponds to that of the partial miscibility of 
liquids. The solid component A can " dissolve " the com- 
ponent B until the concentration of the latter in the mixed 
crystal has reached a certain value. Addition of a further 
amount of B will not alter the composition of the mixed 
crystal, but there will be formed a second solid phase consist- 
ing of a solution of A in B. At this point the four phases, 
mixed crystals containing excess of A, mixed crystals contain- 
ing excess of B, liquid solution, vapour, can coexist ; this will 
therefore be an invariant point. The temperature-concentration 
curves will therefore no longer be continuous, but will exhibit 
a break or discontinuity at the point at which the invariant 
system is formed. 

(a) The freezing-point curve exhibits a transition point _ 
(Curve I., Fig. 54). 

As is evident from the figure, addition of B raises the 



THE PHASE RULE 



melting point of A, and, in accordance with the rule previously 
given, the concentration of B in the mixed crystals will be 

greater than in the solution. This 
is represented in the figure by the 
dotted curve AD. On the other 
hand, addition of A lowers the 
melting point of B, and the two 
curves BC and BE are obtained 
for the liquid and solid phases 
respectively. At the temperature 
of the line CDE the hquid solu- 
tion of the composition repre- 
sented by C is in equilibrium with 
the two different mixed crystals 
represented by D and E. At this 
temperature, therefore, the /ir-curve 
P"^- 54- for the solid phase exhibits a dis- 

continuity ; and, since the solid phase undergoes change at this 
point, the freezing-point curve must show a break (p. 109). 

Example. — Curves of the form given in Fig. 54 I. have 
been found experimentally in the case of silver nitrate and 
sodium nitrate.' The following table contains the numerical 
data, which are also represented graphically in Fig. 55. 




Molecules NaNOj 
per cent. 


Freezing point. 


Melting point. 





208-6° 


208-6° 


8 


211-4^ 


210° 


15-06 


215° 


212° 


19-46 


217-2° 


214-8° 


21 -g 


222° 


215° 


26 


228-4° 


216-5" 


29-7 


234-8° 


217-5" 


36-2 


244-4° 


217-5" 


47-3 


259V 


237-6° 


58-9 


272° 


257° 


72 


284° 


274° 


100 


308° 


308° 



' Hissink, Zeitschr. physikal. C/iem., 1900, 32. 542. 
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The temperature of the transition point is 217-5''; at this 
point the liquid contains ig's, and the two conjugate soUd 
solutions 26 and 38 molecules of sodium nitrate per cent, 
respectively. 

{b) The freezing-point curve exhibits a eutedic point 
(Curve II., Fig. 54). 

In this case the freezing point of each of the components 
is lowered by the addition of the other, until at last a point is 
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reached at which the liquid solution solidifies to a mixture or 
conglomerate of two mixed crystals. 

Examples. — Curves belonging to this class have been 
obtained in the case of potassium and thallium nitrates ^ and 
of naphthalene and monochloracetic acid." The data for the 
latter are given in the following table and represented in 
Fig. 56. 

' Van Eyk, Zeitschr. fhysikal. Cliem., 1899, 30. 430. 
- Cady, Journ, Physical Chem., 1899, 3. 127. 
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Liquid solution. 


Solid solution. 


Temperature, 






! 




Per cent. 

naphthalene. 


Per cent. acid. 


Per cent, 
naphthalene. 


Per cent. acid. 


62° 


lOO 




100 


60° 


4-0 


96-0 


17 


98-3 


55° 


21 -o 


79-0 


2-1 


97'9 


53-5° 


29-4 


70-0 




— 


55" 


31-3 


687 


59-6 


40-4 


60° 


42-4 


57-6 


So -3 


197 


65° 


S3'3 


467 


89-2 


10-8 


70° 


697 


32-3 


95-4 


4-6 


75° 


84-4 


15-6 


96-6 


3 '4 


79-9° 


100 




100 





At the eutectic point the hquid solution is in equihbrium 
with two different mixed crystals the composition of which is 
represented by D and E respectively. If, therefore, a fused 
mixture containing the two components A and B in the propor- 
tions represented by C is cooled down, it will, when the 
temperature has reached the point C, solidify completely to a 
conglomerate of mixed crystals, D and E. 

Changes in Mixed Crystals with the Temperature. — In 
the case of the different types of systems represented in Fig. 49, 
a homogeneous liquid solution of the-two components will exist 
at temperatures above the freezing-point curve, a homogeneous 
mixed crystal at temperatures below the melting-point curve, 
while at any point between the freezing-point and melting-point 
curves the mixture .will separate into a solid phase and a 
liquid phase. In the case, however, of the two types shown in 
Fig. 54 the relationships are somewhat more comphcated. As 
before, the area above the freezing-point curve gives the con- 
ditions under which homogeneous liquid solutions can exist ; 
but below the melting-point curve two different mixed crystals 
can coexist. This will be best understood from Figs. 57 and 
58. D and E represent, as we have seen, the composition of 
two mixed crystals which are in equilibriurh with the liquid 
solution at the temperature of the point C. These two mixed 
crystals represent, in the one case, a saturated solution of B 
in A (point D), and the other a saturated solution of A in B 
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(point E). Just as we saw that the mutual sohibility of two 
Hquids varied with the temperature, so also in the case of two 
solids ; as the temperature alters, the solubility of the two solid 
components in one another will change. This alteration is 
indicated diagrammatically in Figs. 57 and 58 by the dotted 
curve similar to the solubility curves for two mutually soluble 
liquids (p. 99). 

Suppose, now, that a mixed crystal of the composition x is 
cooled down, it will remain unchanged until, when the tempera- 
ture has fallen to t\ the homogeneous mixed crystal breaks up 
into a conglomerate of two mixed crystals the composition of 



J^ 




1 \ 


yl'^l^^'^ 


1 






K 


\ 




\ 




\ 







Composition Composition 

Fig. 57. , Fig. 58. 

which is represented by x' and x'' respectively. From this, then, 
it can be seen that in the case of substances which form two solid 
solutions, the mixed crystals which are deposited from the 
liquid fused mass need not remain unchanged in the solid 
state, but may at some lower temperature lose their homo- 
geneity. This fact is of considerable importance for the 
formation of alloys.^ 

A good example of this will soon be met with in the case 
of the iron and carbon alloys. The alloys of copper and tin 
also furnish examples of the great changes which may take 

' See Roberts-Austen and Stansfield, Rapports du congris iiiici'- 
national de physique, 1900, I. 363. 
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place in the alloy between the temperature at which it separates 
out from the fused mass and the ordinary temperature. Thus, 
for example, one of the alloys of copper and tin, which separates 
out from the liquid as a solid solution breaks up, on cooling, 
into the compound Cu,Sn and liquid : ^ a striking example of a 
solid substance partially liquefying on being cooled. 

' Heycock and Neville, Proc. Roy. Soc, 1903, 71. 409. 



CHAPTER XI 

EQUILIBRIUM BETWEEN DYNAMIC ISOMERIDES 

It has long been known that certain substances, e.g. acetoacetic 
ester, are capable when in solution or in the fused state, of 
reacting as if they possessed two different constitutions; and 
in order to explain this behaviour the view was advanced 
(by Laar) that in such cases a hydrogen atom oscillated between 
two positions in the molecule, being at one time attached to 
oxygen, at another time to carbon, as represented by the 
formula — 

CH3.C— CH.CO.QHs 

When the hydrogen is in one position, the substance will act as 
an hydroxy-compound ; with hydrogen in the other position, 
as a ketone. Substances possessing this double function are 
called tautomeric. 

Doubt, however, arose as to the validity of the above 
explanation, and this doubt was confirmed by the isolation of 
the two isomerides in the solid state, and also by the fact that 
the velocity of change of the one isomeride into the other could 
in some cases be quantitatively measured. These and other 
observations then led to the view, in harmony with the laws of 
chemical dynamics, that tautomeric substances in the dissolved 
or fused state represent a mixture of two isomeric forms, and 
that equilibrium is established not by intra- but by inter- 
molecular change, as expressed by the equation — 

CH3.CO.CH2.C02QH,:$CH3.C(OH) ; CH.CO^QH^ 

o 
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In the solid state, the one or other of the isomerides represents 
the stable form ; but in the liquid state (solution or fusion) the 
stable condition is an equilibrium between the two forms. 

A similar behaviour is also found in the case of other 
isomeric substances where the isomerism is due to difference 
of structure, i.e. structure isomerism (e.g. in the case of the 

CeHj.C.H CeH^.C.HX 

oximes II and II 1 , or to difference in con- 

N.OH HO.N y 

figuration, i.e. stereoisomerism (e.g. optically active substances), 
or to polymerism (e.g. acetaldehyde and paraldehyde). In all 
such cases, although the different solid forms correspond to a 
single definite constitution, in the liquid state a condition of 
equilibrium between the two modifications is established. As 
a gefteral name for these different classes of substances, the term 
" dynamic isomerides " has been introduced ; and the different 
kinds of isomerism are classed together under the title "dynamic 
isomerism." ^ 

By reason of the importance of these phenomena in the 
study more especially of Organic Chemistry, a brief account of 
the equilibrium relations exhibited by systems composed of 
dynamic isomerides may be given here.' 

In studying the fusion and solidification of those substances 
which exhibit the relationships of dynamic isomerism, the 
phenomena observed will vary somewhat according as the 
reversible transformation of the one form into the other takes 
place with measurable velocity at temperatures in the neigh- 
bourhood of the melting points, or only at some higher 
temperature. If the transformation is very rapid, the system 
will behave like a one-component system, but if the isomeric 
change is comparatively slow, the behaviour will be that of a 
two-component system. 

Temperature-Concentration Diagram.^The relationships 
which are met with here will be most readily understood with 

' Armstrong, TVat^s Dictionary of Chemistry (JAoxley a.nA Muir), III., 
p. 88. See also Lowry, jfour. Chem. Soc, 1899, 75. 211. 

'' See Bancroft, Journ. Physical Chem., 1898, 2. 143 ; Roozeboom, 
Zeitschr. physikal. Chem., 1899,- 28. 288. 
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the help of Fig. 59. Suppose, in the first instance, that isomeric 
transformation does not take place at the temperature of the 
melting point, then the 
freezing point curve will 
have the simple form ACB ; 
the formation of com- 
pounds being for the pre- 
sent excluded. This is the 
simplest type of curve, 
and gives the composition 
of the solutions in equi- 
librium with the one modi- 
fication (a modification) at 
different temperatures 

(curve AC); and of the Fig. 59. 

solutions in equilibrium with the other modification {^ modi- 
fication) at different temperatures (curve BC). C is the 
eutectic point at which the two solid isomerides can exist side 
by side in contact with the solution. 

Now, suppose that isomeric transformation takes place with 
measurable velocity. If the pure a-modification is heated to 
a temperature / above its melting point, and the liquid main- 
tained at that temperature until equilibrium has been estab- 
lished, a certain amount of the y8-form will be present in the 
liquid, the composition of which will be represented by the 
point 0^. The same condition of equilibrium will also be 
reached by starting with pure ^. Similarly, if the tempera- 
ture of the liquid is maintained at the temperature t", equili- 
brium will be reached, we shall suppose, when the solution 
has the composition od' . The curve DE, therefore, which 
passes through all the different values of x corresponding to 
different values of t, will represent the change of equiUbrium 
with the temperature. It will slope to the right (as in the 
figure) if the transformation of u, into /3 is accompanied by 
absorption of heat ; to the left if the transformation is accom- 
panied by evolution of heat, in accordance with van't Hoff's 
Law of movable equilibrium. If transformation occurs with- 
out heat effect, the equilibrium will be independent of the 
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temperature, and the equilibrium curve DE will therefore be 
perpendicular and parallel to the temperature axis. 

We must now find the meaning of the point D. Suppose the 
pure a- or pure ;8-form heated to the temperature /', and the 
temperature maintained constant until the liquid has the com- 
position ^' corresponding to the equilibrium at that temperature. 
If the temperature is now allowed to fall sufficiently slowly so 
that the condition of equilibrium is continually readjusted - as 
the temperature changes, the composition of the solution will 
gradually alter as represented by the curve xV). Since D is on 
the freezing point curve of pure a, this form will be deposited 
on cooling ; and since D is also on the equilibrium curve of 
the liquid, D is the only point at which solid can exist in stable 
equilibrium with the liquid phase. (The vapour phase may be 
omitted from consideration, as we shall suppose the experiments 
carried out in open vessels.) All systems consisting of the 
two hylotropic ' isomeric substances a and /? will, therefore, 
ultimately freeze at the point D, which is called the " natural " 
freezing point - of the system ; provided, of course, that suffi- 
cient time is allowed for equilibrium to be established. From 
this it is apparent that the stable modification at temperatures in 
the neighbourhood of the melting point is that which is in equili- 
briwn with the liquid phase at the natural freezing point. 

From what has been said, it will be easy to predict what 
will be the behaviour of the system under different conditions. 
If pure a is heated, a temperature will be reached at which it 
will melt, but this melting point will be sharp only if the 
velocity of isomeric transformation is comparatively slow ; i.e. 
slow in comparison with the determination of the melting point. 
If the substance be maintained in the fused condition for some 
time, a certain amount of the y8 modification will be formed, 
and on lowering the temperature the pure a form will be 
deposited, not at the temperature of the melting point, but at 
some lower temperature depending on the concentration of the 
yS modification in the liquid phase. If isomeric transformation 

' Hylotropic substances are such as can undergo transformation into 
other substances of the same composition (Ostwald, Lehrbuch, II. 2. 298). 
- Also called Equilibrium Point (Lowry). 
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takes place slowly in comparison with the rate at which 
deposition of the solid occurs, the liquid will become in- 
creasingly rich in the /3 modification, and the freezing point 
will, therefore, sink continuously. At the eutectic point, how- 
ever, the /3 modification will also be deposited, and the 
temperature will remain constant until all has become solid. 
If, on the other hand, the velocity of transformation is 
sufficiently rapid, then as quickly as the a modification is 
deposited, the equilibrium between the two isomeric forms in 
the liquid phase will continuously readjust itself, and the end- 
point of solidification will be the natural freezing point. 

Similarly, starting with the pure yS modification, the freezing 
point after fusion will gradually fall owing to the formation of 
the a modification; and the composition of the liquid phase 
will pass along the curve BC. If, now, the rate of cooling is 
not too great, or if the velocity of isomeric transformation is 
sufficiently rapid, complete solidification will not occur at the 
eutectic point ; for at this temperature solid and liquid are not 
in stable equilibrium with one another. On the contrary, a 
further quantity of the y8 modification will undergo isomeric 
change, the liquid phase will become richer in the a form, and 
the freezing point will rise ; the solid phase in contact with the 
liquid being now the a modification. The freezing point will 
continue to rise until the point D is reached, at which com- 
plete solidification will take place without further change of 
temperature. 

The diagram also allows us to predict what will be the 
result of rapidly cooling a fused mixture of the two isomerides. 
Suppose that either the a or the /? modification has been main- 
tained in the fused state at the temperature t' sufficiently long 
for equilibrium to be established. The composition of the 
liquid phase will be represented by x'. If the liquid is now 
rapidly cooled, the composition will remain unchanged as 
represented by the dotted line x'Q. At the temperature of the 
point G solid a modification will be deposited. If the cooling 
is not carried below the point G, so as to cause complete 
solidification, the freezing point will be found to rise with time, 
owing to the conversion of some of the yS form into the a form 
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in the liquid phase ; and this will continue until the composi- 
tion of the liquid has reached the point D. From what has 
just been said, it can also be seen that if the freezing point 
curves can be obtained by actual determination of the freezing 
points of different synthetic mixtures of the two isomerides, it 
will be possible to determine the condition of equilibrium in 
the fused state at any given temperature without having 
recourse to analysis. All that is necessary is to rapidly cool 
the fused mass, after equilibrium has been established, and 
find the freezing point at which solid is deposited ; that is, 
find the point at which the line of constant temperature cuts 
the freezing point curve. The composition corresponding to 
this temperature gives the composition of the equilibrium 
mixture at the given temperature. 

It will be evident, from what has gone before, that the 
degree of completeness with which the different curves can be 
realised will depend on the velocity with which isomeric change 
takes place, and on the rapidity with which tRe determinations 
of the freezing point can be carried out. As the two extremes 
we have, on the one hand, practically instantaneous trans- 
formation, and on the other, practically infinite slowness of 
transformation. In the former case, only one melting and 
freezing point will be found, viz. the natural freezing point ; in 
the latter case, the two isomerides will behave as two perfectly 
independent components, and the equilibrium curve DE will 
not be realised. 

The diagram which is obtained when isomeric transforma- 
tion does not occur within measurable time at the temperature 
of the melting point is somewhat different from that already 
given in Fig. 59. In this case, the two freezing point curves 
AC and BC (Fig. 60) can be readily realized, as no isomeric 
change occurs in the liquid phase. Suppose, however, that at 
a higher temperature, /', reversible isomeric transformation can 
take place, the composition of the liquid phase will alter until 
at the point x' a condition of equilibrium is reached ; and the 
composition of the liquid at higher temperatures will be repre- 
sented by the curve x'Y. Below the temperature /' the position 
of the equilibrium curve is hypothetical \ but as the temperature 
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falls the velocity of transformation diminishes, and at last 
\,&zom&^ practically zero. The equilibrium curve can therefore 
be regarded as dividing into 
two branches x'Q and Jc'H. . 
At temperatures between G 
and t' the a modification can 
undergo isomeric change lead- 
ing to a point on the curve 
G«'; and the /S modification 
can undergo change leading to 
a point on the curve Hx'. The 
same condition of equilibrium 
is therefore not reached from 
each side, and we are therefore 
dealing not with true but with 
false equilibrium (p. 5). Be- 
low the temperatures G and 
H, isomeric transformation 
does not occur in measurable time. We shall not, however, 
enter into a detailed discussion of the equilibria in such systems, 
more especially as they are not systems in true equilibrium, and 
as the temperature at which true equilibrium can be established 
with appreciable velocity alters under the influence of catalytic 
agents.^ Examples of such systems will no doubt be found in 
the case of optically active substances, where both isomerides 
are apparently quite stable at the melting point. In the 
case of such substances, also, the action of catalytic agents 
in producing isomeric transformation (racemisation) is well 
known. 

Transformation of the Unstable into the Stable Form. — 
As has already been stated, the stable modification in the 
neighbourhood of the melting point is that one which is in 
equilibrium with the liquid phase at the natural freezing point. 
In the case of polymorphic substances, we have seen (p. 37) 
that that form which is stable in t;he neighbourhood of the 
melting point melts at the higher temperature. That was a 

' For a discussion of these systems, see Roozeboom, Zeitschr. physikal. 
Chem., loc, cit. 
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consequence of the fact that the two polymorphic forms on melt- 
ing gave identical liquid phases. In the present case, however, 
the above rule does not apply, for the simple reason that the 
liquid phase obtained by the fusion of the one modification is 
not identical with that obtained by the fusion of the other. In 
the case of isomeric substances, therefore, the form of lower 
melting point may be the more stable; and where this be- 
haviour is found it is a sign that the two forms are isomeric 
(or polymeric) and not polymorphic' An example of this is 
found in the case of the isomeric benzaldoximes (p. 201). 

Since in Fig. 59 the a modification has been represented 
as the stable form, the transformation of the /? into the a form 
will be possible at all temperatures down to the transition 
point. At temperatures below the eutectic point, transformation 
will occur without formation of a liquid phase ; but at tempera- 
tures above the eutectic point liquefaction can take place. This 
will be more readily understood by drawing a line of constant 
temperature, HK, at some point between C and B. Then if 
the yS modification is maintained for a sufficiently long time at 
that temperature, a certain amount of the a modification will 
be formed ; and when the composition of the mixture has 
reached the point H, fusion will occur. If the temperature is 
maintained constant, isomeric transformation will continue to 
take place in the liquid phase until the equilibrium point for 
that temperature is reached. If this temperature is higher 
than the natural melting point, the mixture will remain liquid 
all the time ; but if it is below the natural melting point, then 
the a modification will be deposited when the system reaches 
the condition represented by the point on the curve AC corre- 
sponding to the particular temperature. As isomeric trans- 
formation continues, the freezing point of the system will rise 
until it reaches the natural freezing point D. Similarly, if the 
u, modification is maintained at a temperature above that of 
the point D, liquefaction will ultimately occur, and the system 
will again reach the final state represented by D.^ 

' See Bancroft, loc. cit., p. 147 ; Wegscheider, Sitzungsber. ]Vie7ter 
Akml., igo2, 110. 908 . 

^ Reference maybe made here to the term "stability limit," introduced 
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Examples. — Benzaldoximes. The relationships which have 
just been discussed from the theoretical point of view will be 
rendered clearer by a brief description of cases which have 
been experimentally investigated. The first we shall consider 
is that of the two isomeric benzaldoximes : ' — 

CeHvCH QH.,C.H 

II II 

HO.N N.OH 

Benzantialdoxime (a-modification). Benzsynaldoxime (|3-modification_). 

Fig. 6 1 gives a graphic representation of the results obtained. 

The melting point of the a modification is 34-35°; the 
melting point of the unstable ;8 modification being 130°. The 
freezing curves AC and BC were obtained by determining 
the freezing points of different mixtures of known compo- 
sition, and the numbers so obtained are given in the following 
table. 

by Knorr {Annalen, 1896, 293. 88) to indicate that temperature above 
which liquefaction and isomeric change takes i^lace. As employed by 
Knorr and others, the term does not appear to have a very precise meaning, 
since it is used to denote, not the temperature at which these changes cafi 
occur, but the temperature at which the change is rapid (vide Annalen, 
293. 91) ; and the introduction of an indefinite velocity of change renders 
the temperature of the stability limit also somewhat indefinite. The 
definiteness of the term is also not a little diminished by the fact that the 
" limit" can be altered by means of catalytic agents. Since, as we have 
seen, the stable modification can always undergo isomeric change and 
liquefy at temperatures above the natural freezing point, but not below 
that point ; and, further, the less stable modification can undergo isomeric 
transformation and liquefy at temperatures above the eutectic point, but 
will not liquefy at temperatures below that ; it seems to the author that it 
would be more precise to identify these two points — the natural freezing 
point and the eutectic point — which are not altered by catalytic agents, 
with the "stability limits" of the stable and unstable modification respec- 
tively. A perfectly definite meaning would thereby be given to the term. 
In the case of those substances which do not undergo appreciable isomeric 
change at the temperature of the melting point, the stability limits would 
be the points G and H, Fig. 60. 

' Cameron, Journ Physical Chein., 1898, 2. 409. 
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Grams of the o modification 
in loo gm. of mixture. 



Freezing point. 



26-2 


101° 


49-2 


79° 


737 


46° 


917 


26-2° 


95-0 


28-6° 


96 "O 


300^ 



The eutectic point C was found to lie at 25-26°, and the 

natural freezing point D was 
found to be 277°. The equi- 
librium curve DE was deter- 
mined by heating the liquid 
mixtures at different tempera- 
tures until equilibrium was 
attained, and then rapidly cool- 
ing the liquid. In all cases 
the freezing point was practic- 
ally that of the point D. From 
this it is seen that the equi- 
librium curve must be a straight 
line parallel to the temperature 
axis ; and, therefore, isomeric 
transformation in the case of 
the two benzaldoximes is not 
accompanied by any heat effect 

(p. 195). This behaviour has also been found in the case of 

acetaldoxime.^ 

The isomeric benzaldoximes are also of interest from the 

fax;t that the stable modification has the lower melting point 

(v. p. 200). 

Acetaldehyde and Paraldehyde. — As a second example of 

the equilibria between two isomerides, we shall take the two 

isomeric (polymeric) forms of acetaldehyde, which have recently 

been exhaustively studied.^ 

' Carveth, Journ. Physical C/icm., 1898, 2. 159. 

' Holimann, Zeitsckr, physikal. C/tem., 1903, 43. 129. 
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In the case of these two substances the reaction 
3CH3.CHO$:(CH3.CHO)3 
takes place at the ordinary temperature with very great slow- 
ness. For this reason it is possible to determine the freezing 
point curves of acetaldehyde and paraldehyde. The three 
chief points on these curves, represented graphically in Fig. 62, 
are : — 

m.p. of acetaldehyde — ii8'45° 

m. p. of paraldehyde + i2'55° 

eutectic point — iig'g" 

In order to determine the position of the natural melting point, 
it was necessary, on account of the slowness of transformation, 
to employ a catalytic agent in 
order to increase the velocity 
with which the equilibrium 
was established. A drop of 
concentrated sulphuric acid 
served the purpose. In pre- 
sence of a trace of this sub- 
stance, isomeric transformation 
very speedily occurs, and leads 
to the condition of equilibrium. 
Starting in the one case with 
fused paraldehyde, and in the 
other case with acetaldehyde, 
the same freezing point, viz. 
6' 7 5°, was obtained, the solid 
phase being paraldehyde. 
This temperature, 675°, is 

therefore the natural freezing point, and paraldehyde, the solid 
in equilibrium with the liquid phase at this point, is the stable 
form. 

With regard to the change of equilibrium with the tempera- 
ture, it was found that whereas the liquid phase contained 11 '7 
molecules per cent, of acetaldehyde at the natural freezing 
point, the liquid at the temperature of 41-6° contains 46'6 
molecules per cent, of acetaldehyde. As the temperature 
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rises, therefore, there is increased formation of acetaldehyde, 
or a decreasing amount of polymerisation. This is in harmony 
with the fact that the polymerisation of acetaldehyde is accom- 
panied by evolution of heat. 

While speaking of these isomerides, it may be mentioned 
that at the temperature 41 •6° the equilibrium mixture has a 
vapour pressure equal to the atmospheric pressure. At this 
temperature, therefore, the equilibrium mixture (obtained 
quickly with the help of a trace of sulphuric acid) boils.^ 

' For other examples of the application of the Phase Rule to isomeric 
substances, seej'aiiiyi. Physical Chem,, vols. 2. et seq. 



CHAPTER XII 

SUMMARY. — APPLICATION OF THE PHASE RULE TO 
THE STUDY OF SYSTEMS OF TWO COMPONENTS 

In this concluding chapter on two-component systems, it is 
proposed to indicate briefly how the Phase Rule has been 
applied to the elucidation of a number of problems connected 
with the equilibria between two components, and how it has 
been employed for the interpretation of the data obtained by 
experiment. It is hoped that the practical value of the Phase 
Rule may thereby become more apparent, and its application 
to other cases be rendered easier. 

The interest and importance of investigations into the con- 
ditions of equilibrium between two substances, lie in the 
determination not only of the conditions for the stable exist- 
ence of the participating" substances, but also of whether or not 
chemical action takes place between these two components ; 
and if combination occurs, in the determination of the nature 
of the compounds formed and the range of their existence. 
In all such investigations, the Phase Rule becomes of con- 
spicuous value on account of the fact that its principles afford, 
as it were, a touchstone by which the character of the system 
can be determined, and that from the form of the equilibrium 
curves obtained, conclusions can be drawn as to the nature of 
the interaction between the two substances. In order to 
exemplify the application of the principles of the Phase Rule 
more fully than has already been done, illustrations will be 
drawn from investigations on the interaction of organic com- 
pounds ; on the equilibria between optically active compounds ; 
and on alloys. 
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Summary of the Different Systems of Two Components. — 
Before passing to the consideration of the application of the 
Phase Rule to the investigation of particular problems, it will 
be well to collect together the different types of equilibrium 
curves with which we are already acquainted ; to compare them 
with one another, in order that we may then employ these 
characteristic curves for the interpretation of the curves obtained 
as the result of experiment. 

In investigating the equilibria between two components, 
three chief classes of curves will be obtained according as — 

I. No combination takes place between the two components. 

II. The components can form definite compounds. 



loo^B 




100°. A 

A A 

Fig. 63. 

III. The components separate out in the form of mixed 
crystals. 

The different types of curves which are obtained in these 
three cases are represented in Figs. 63, 64, 65. These 
different diagrams represent the whole series of equilibria, 
from the melting point of the one component (A) to that of 
the other component (B). The curves represent, in all cases, 
the composition of the solution, or phase of variable composi- 
tion ; the temperature being measured along one axis, and the 
composition along the other. 

We shall now recapitulate very briefly the characteristics 
of the different curves. 

If no compound is formed between the two components, 
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the general form of the equilibrium curve will be that of curve 
I. or II., Fig. 63. Type I. is the simplest form of curve found, 
and consists, as the diagram shows, of only two branches, AC 
and BC, meeting at the point C, which lies below tlie melting 
point of either component. The solid phase which is in equilibrium 
with the solutions AC is pure A; that in equilibrium with SC, 
pure B. C is the eutectic point. Although at the eutectic point 
the solution solidifies entirely without change of temperature, 
the solid which is deposited is not a homogeneous solid phase, 
but a mixture, or conglomerate of the two components. The 
eutectic point, therefore, represents the melting or freezing point, 
not of a compound, but of a mixture (p. 117). 

Curve II., Fig. 63, is obtained when two liquid phases are 
formed. C is an eutectic point, D and F are transition points 
at which there can co-exist the four phases — solid, two liquid 
phases, vapour. ' DEF represents the change in the composition 
of the two liquid phases with rise of temperature ; the curve 
might also have the reversed 
form with the critical solution 
point below the transition 
points D and F. 

In the second class of 
systems (Fig. 64), that in 
which combination between 
the components occurs, there 
are again two types according 
as the compound formed has 
a definite melting point (i.e. 
can exist in equilibrium with 
a solution of the same com 
position), or undergoes only 
partial fusion ; that is, exhibits 
a transition point. 

If a compound possessing 
a definite melting point is 
formed, the equilibrium curve will have the general form shown 
by curve I., Fig. 64. A, B, and D are the melting points of 
pure A, pure B, and of the compound A,Bj, respectively. AC 




Composition 

Fig. 64. 
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is the freezing point curve of A in presence of B; BE that of 
B in presence of A ; and DC and DE the freezing point curves 
of the compound in presence of a solution containing excess of 
one of the components. C and E are eutectic points at which 
mixtures of A and A^^B^,, or B and A^B^,, can co-exist in con- 
tact with solution. The curve CDE may be large or small, 
and the melting point of the compound, D, may lie above or 
below that of each of the components, or may have an inter- 
mediate position. If more than one compound can be formed, 
a series of curves similar to CDE will be obtained {cf. p. 149). 
On the other hand, if the compound undergoes transition 
to another solid phase at a temperature below its melting point, 
a curve of the form II., Fig. 64, will be found. This corre- 
sponds to the case where a compound can exist only in contact 
with solutions containing excess of one of the components. 
The metastable continuation of the equilibrium curve for the 
compound is indicated by the dotted line, the summit of which 
would be the melting point of the compound. Before this 
temperature is reached, however, the solid compound ceases to 
be able to exist in contact with solution, and transition to a 
different solid phase occurs at the 
point E (cf. p. 132). This point, 
therefore, represents the limit of the 
existence of the compound AB. If 
a series of compounds can be formed 
none of which possess a definite 
melting point, then a series of curves 
will be obtained which do not exhibit 
a temperature-maximum, and there 
will be only one eutectic point. 
The limits of existence of each com- 
pound will be marked by a break in 
the curve {cf. p. 141). 

Turning, lastly, to the third class 
of systems, in which formation of 
mixed crystals can occur, five dif- 
ferent types of curves can be obtained, as shown in Fig. 65. 
With regard to the first three types, curves I., II., and III., 
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these differ entirely from those of the previous classes, in that 
they are continuous ; they exhibit no eutectic point, and no 
transition point. Curve II. bears some resemblance to the 
melting-point curve of a compound {e.g. CDE, Fig. 64, I.), but 
differs markedly from it in not ending in eutectic points. 

Further, in the case of the formation of a compound, the 
composition of the solid phase remains unchanged throughout 
the whole curve between the eutectic points ; whereas, when 
mixed crystals are produced, the composition of the solid phase 
varies with the composition of the liquid solution. On passing 
through the maximum, the relative proportions of A and B in 
the solid and the liquid phase undergo change ; on the one 
side of the maximum, the solid phase contains relatively more 
A, and on the other side of the maximum, relatively more B 
than the liquid phase. Lastly, when mixed crystals are formed, 
the temperature at which complete solidification occurs changes 
as the composition of the solution changes, whereas in the case ^ 
of the formation of compounds, the temperature of complete 
solidification for all solutions is a eutectic point. 

The third type of curve. Fig. 65, can be distinguished in 
a similar manner from the ordinary eutectic curve. Fig. dj,, I., 
to which it bears a certain resemblance. Whereas in the case 
of the latter, the eutectic point is the temperature of complete 
solidification of all solutions, the point of minimum temperature 
in the case of the formation of mixed crystals, is the solidifi- 
cation point only of solutions having one particular composition ; 
that, namely, of the minimum point. For all other solutions, 
the temperature of complete solidification is different. Whereas, 
also, in the case of the simple eutectic curve, the solid which 
separates out from the solutions represented by either curve 
remains the same throughout the whole extent of that curve, 
the composition of the mixed crystal varies with variation of 
the composition of the liquid phase, and the relative proportions 
of the two components in the solid and the liquid phase are 
reversed on passing through the minimum.^ 

In a similar manner, type IV., Fig. 65, can be distinguished 
from type II., Fig. 64, by the fact that it does not exhibit a 

' See Roozeboom, Zeitschr. physikal. Chein., 1899, 30. 410. 

P 
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eutectic point, and that the composition of the solid phase 
undergoes continuous variation with variation of the hquid 
phase on either side of the transition point. Lastly, type V., 
which does exhibit a eutectic point, differs from the eutectic 
curve of Fig. 63, in that the eutectic point does not constitute 
the point of complete solidification for all solutions, and that 
the composition of the solid phase varies with the composition 
of the liquid phase. 

Such, then, are the chief general types of equilibrium curves 
for two-components ; they are the pattern curves with which 
other curves, experimentally determined, can be compared ; 
and from the comparison it will be possible to draw conclusions 
as to the nature of the equilibria between the two components 
under investigation. 



I. Organic Cotiipounds, 

The principles of the Phase Rule have been appHed to the 
investigation of the equilibria between organic compounds, and 
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Fig, 66. 



Figs. 66-69 reproduce some of the results which have been 
obtained. 
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Fig. 66, the freezing point curve (curve of equilibrium) for 
c-nitrophenol and /-toluidine, shows a curve of the simplest 
type ' (type I., Fig. 63), in which two branches meet at an 
eutectic point. The solid phase in equilibrium with solutions 
represented by the left-hand branch of the curve was o-nitro- 
phenol (m.p. 44" 1°); that in equilibrium with the solutions 
represented by the right-hand branch, was /-toluidine (m.p. 
43'3"). .At the eutectic point (i5'6°), these two sohd phases 
could co-exist with the liquid phase. This equilibrium curve, 
therefore, shows that ^-nitrophenol and ^-toluidine do not 
combine with one another. 

In connection with this curve, attention may be called to 
the interesting fact that although the solid produced by cooling 
the Uquid phase at the eutectic point has a composition approxi- 
mating to that of a compound of equimolecular proportions of 
the phenol and toluidine, and a constant melting point, it is 
nevertheless a mixture. Although, as a rule, the constituents 
of the eutectic mixture are not present in simple molecular 
proportions, there is no reason why they should not be so ; and 
it is therefore necessary to beware of assuming the formation 
of compounds in such cases. ^ 

Fig. 67, on the other hand, indicates with perfect 
certamty the formation of a compound between phenol and 
a-naphthylamine.'' {Cf. curve I., Fig. 64.) 

Phenol freezes at 40-4°, but the addition of a-naphthylamine 
lowers the freezing point as represented by the curve AC. At 
C (i6-o°) the compound QHjOH.CioH^NH^is formed, and the 
system becomes invariant. On increasing the amount of the 
amine, the temperature of equilibrium rises, the solid phase 
now being the compound. At D, the curve passes through a 
maximum (28-8°), at which the solid and liquid phases have 
the same composition. This iu the melting point of the com • 
pound. Further addition of the amine lowers the temperature 
of equilibrium, until at E solid a-naphthylamine separates out, 
and a second eutectic point (24-0°) is obtained. BE is the 

' J. C. Philip, /»»r«. Chem. Soc, 1903, 83. 821. 

^ Cf. also Paterno and Ampolla, Gazzetta chim. ital, 1897, 27. 481. 

' Philip, loc. cit., p. S26. 
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freezing-point curve of a-naphthylamine in presence of phenol, 
the freezing point of the pure amine being 48-3°. 

On account of the great sluggishness with which the com- 
pound of phenol and a-naphthylamine crystallizes, it was found 
possible to follow the freezing point curves of phenol and the 
amine to temperatures considerably below the eutectic points, 
as shown by the curves CF and EG. 
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Fig. 67. 

Phenol can also combine with /-toluidine in equimolecular 
proportions ; and this compound is of interest, from the fact 
that it exists in two crystalline forms melting at 28'5° and 30°. 
Each of these forms now must have its own equilibrium curve, 
and it was found that the intermediate portion of the freezing 
point curve was duplicated, as shown in Fig. 68.^ 

' Philip, he. cit., p. 829. Compare curves for iodine moiiochloride, 
Fig. 42, p. 160. 
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Lastly, a curve is given, Fig. 69,' which corresponds with 
curve II., Fig. 64. Picric acid and benzene can form a 
compound, which, however, can exist only in contact with 
solutions cofitaini?ig excess of benzene. When the temperature 
is raised, a point (K) is reached at which the compound melts 
with separation of solid picric acid. The point, K, is, therefore, 
a transition point ; analysis, however, showed that the com- 
position of the solution at this point is very nearly that of the 
compound CiiH2(N02)30H,CeH8, so that the melting point of 
the compound can almost be reached. The fusion of the com- 
pound of benzene and picric acid with separation of the latter 
is analogous to the (partial) fusion of Glauber's salt with 
separation of anhydrous sodium sulphate. 

2. Optically Active Substances . 

The question as to whether a resolvable inactive body is 
a mixture of the two oppositely active constituents (a dl- 
mixture), or a racemic compound, is one which has given rise 
to considerable discussion during the past decade ; and several 
investigators have endeavoured to establish general rules by 
which the question could be decided. In the case of inactive 
liquids it is a matter of great difficulty to arrive at a certain 
conclusion as to whether one is dealing with a mixture or a 
compound, for in this case the usual physical methods give but 
a dubious answer ; and although the existence of a racemate 
in the liquid state (in the case of conine) has been asserted,^ 
most chemists incline to the belief that such a thing is 
improbable. 

Even in the case of crystalline substances, where the 
differences between the various forms is greater, it was not 
always easy to discriminate between the fl'/-mixture and the 
racemic compound. The occurrence of hemihedral faces was 
considered by Pasteur to be a sufficient criterion for an 
optically active substance. It has, however, been found that 
hemihedry in crystals, although a frequent accompaniment of 

' Kuriloff, Zeitschr. physikal. Chem., 1897, 23. 676. 
'' Ladenburg, Ber., 1895, 28. 163 ; 1991. 



APPLICATION OF THE PHASE RULE 215 

optical activity, is by no means a necessary or constant 
expression of this property. Other rules, also, which were 
given, although in some cases reliable, were in other cases 
insufficient ; and all were in so far unsatisfactory that they 
lacked a theoretical basis. 

With the help of the Phase Rule, however, it is possible 
from a study of the solubility or fusion curves of the optically 
active and inactive substances, to decide the nature of the 
inactive substance, at least under certain conditions. On 
account of the interest and importance which these com- 
pounds possess, a brief description of the application of the 
Phase Rule to the study of such substances will be given 
here ; ' the two optical antipodes being regarded as the two 
components. 

In the present chapter we shall consider only the fusion 
curves, the solubility curves being discussed in the next section 
on three-component systems. The rules which are hereby 
obtained, have reference only to the nature of the inactive 
substance in the neighbourhood of the melting points. 

I. The inactive substance is a ^-mixture. 

In this case the fusion curves will have the simple form 
shown in type I., Fig. 63. A and B are the melting points of 
the two optical isomerides, and C the eutectic point at which 
the inactive mixture consisting of equal amounts of d- and 
1- form melts. Owing to the similar eifect of the one form on 
the freezing point of the other, the figure is symmetrical. No 
example of this simple case has been investigated. 

II. The two components forin a racemic compound. 

In this case there will be three melting point curves as in 
Fig. 64, type I. In this case also the figure must be sym- 
metrical. 

Examples. — As examples of this, may be taken dimethyl 
tartrate and mandelic acid, the freezing point curves of which 
are given in Figs. 70 and 71.^ As can be seen, the curve for 
the racemic tartrate occupies a large part of the diagram, 

' Kooxhoom, Zeitsckr. physikal. C/iem., 1899,28.494; Adriani, ibid., 
1900, 33. 453. 

^ Adriani, Zeitschr. physikal. CAem., Agoo, 33. 453. 
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while that for racetnic mandelic acid is much smaller. In the 
case of dimethyldiacetyl tartrate, this middle portion is still 
less. 

Active dimethyl tartrate melts at 43"3° ; racemic dimethyl 
tartrate at 89-4°. Active mandelic acid melts at i32'8°; the 
racemic acid at ii8'o°. In the one case, therefore, the 
racemic compound has a higher, in the other a lower melting 
point than the active forms. 

In the case of partially racemic compounds (i.e. the com- 
pound of a racemate with an optically active substance} the 
type of curve will be the same, but the figure will no longer be 
symmetrical. 
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Fig. 71 



III. The inactive substance is a pseudo-raccmic mixed crystal. 

In cases where the active components can form mixed 
crystals, the freezing point curve will exhibit one of the forms 
given in Fig. 65. The inactive mixed crystal containing 50 
per cent, of the dextro and laevo compound, is known as a 
pseudo-racemic mixed crystal.^ So far, only curves of the 
types I. and II. have been obtained. 

Examples. — The two active camphor oximes are of interest 
from the fact that they form a continuous series of mixed 
crystals, all of which have the same melting point. The curve 
which is obtained in this case is, therefore, a straight line 
joining the melting points of the pure active components ; the 



' Kipping and Pope, fourn. Chem. Soc, 1897, 71. 993. 
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Fig. 72. 



melting point of the active isomerides and of the whole series 
of mixed crystals being ii8'8°. 

In the case of the carvoximes mixed crystals are also 
formed, but the equilibrium curve in this case exhibits a 
maximum (Fig. 72). At this maxi- 
mum point the composition of the 
solid and of the liquid solution is 
the same. Since the curve must 
be symmetrical, this maximum 
point must occur in the case of the 
solution containing 50 per cent, of 
each component, which will there- 
fore be inactive. Further, this 
inactive mixed crystal will melt 
and solidify at the same tempera- 
ture, and behave, therefore, like a 
chemical compound (p. 185). The melting point of the active 
compounds is 72°; that of the inactive pseudo-racemic mixed 
crystal is 91 "4°. 

Transformations.^ — As has already been remarked, the 
conclusions which can be drawn from the fusion curves regard- 
ing the nature of the inactive substances formed hold only for 
temperatures in the neighbourhood of the melting points. At 
temperatures below the melting point transformation may occur ; 
e.g. a racemate may break up into a ^//-mixture, or a pseudo- 
racemic mixed crystal may form a racemic compound. We 
shall at a later point meet with examples of a racemic 
compound changing into a ^/-mixture at a definite transition 
point ; and the pseudo-racemic mixed crystal of camphoroxime 
is an example of the second transformation. Although at 
temperatures in the neighbourhood of the melting point the 
two active camphoroximes form only mixed crystals but no 
compound, a racemic compound is formed at temperatures 
below 103°. At this temperature the inactive pseudo-racemic 
mixed crystal changes into a racemic compound ; and in the 
case of the other mixed crystals transformation to racemate 
and (excess of) active component also occurs, although at a 
lower temperature than in the case of the inactive mixed 
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crystal. Although this behaviour is one of considerable 
importance, this brief reference to it must suffice here.^ 



3. Alloys. 

One of the most important classes of substances in the 
study of which the Phase Rule has been of very considerable 
■ importance, is that formed by the mixtures or compounds of 
metals with one another known as alloys. Although in the 
investigation of the nature of these bodies various methods are 
employed, one of the most important is the determination of 
the character of the freezing point curve ; for from the form of 
this, valuable information can, as we have already learned, be 
obtained regarding the nature of the solid substances which 
separate out from the molten mixture. 

Although it is impossible here to discuss fully the experi- 
mental results and the oftentimes very complicated relationships 
which the study of the alloys has brought to light, a brief 
reference to these bodies will be advisable on account both 
of the scientific interest and of the industrial importance 
attaching to them.'^ 

We have already seen that there are three chief types of 
freezing point curves in systems of two components, viz. those 
obtained when (i) the pure components crystallize out from 
the molten mass ; (2) the components form one or more 
compounds ; (3) the components form mixed crystals. In the 
case of the metals, representatives of these three classes are 
also found. 

' See Roozeboom, Zeiischr. physikal. Chem., 1S99, 28. 512 ; Adrian!, 
ibid., 1900, 33. 473 ; igoi, 36. i68. 

- In this connection reference should be made more especially to the 
paper by Roberts-Austen and Stansfield, " Sur la constitution des alliages 
metalliques," in the Rapports du congris international de physique, 1900, I. 
363 ; J. A. Mathews, /ourn. of the Franklin Inst., 1902 ; Gautier, Compt. 
rend., 1896, 123. 109 ; Roberts- Austen, " Reports of the Alloys Research 
Committee," mjourn. Inst. Mechan. Engineers, from 1891 to 1902 ; and the 
papers by Heycock and Neville, published in the fourn. Chem. Sac, and 
the Trans. Roy. Soc. since 1897 ; also Neville, Reports of the British 
Association, 1900, p. 131. 
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I. The components separate out in the pure state. 

In this case the freezing point curve is of the simple type, 
Fig. 63, I. Such curves have been obtained in the case of a 
number of pairs of metals, e.g. zinc — cadmium, zinc — aluminium, 
copper — silver (Heycock and Neville), tin — zinc, bismuth — 
lead (Gautier), and in other cases. From molten mixtures 
represented by one branch of the freezing point curve one of 
the metals will be deposited ; while from mixtures represented 
by the other branch, the other metal will separate out. At the 
eutectic point the molten mass will solidify to a heterogeneous 
mixture of the two metals, forming what is known as the eutectic 
alloy. Such an alloy, therefore, will melt at a definite tempera- 
ture lower than the melting point of either of the pure metals. 

In the following table are given the temperature and the 
composition of the liquid at the eutectic point, for three pairs 
of metals : — 



Zinc — cadmium 
Zinc — aluminium . 
Copper — silver 



Temperature. 



264-5° 
380-5° 
778° 



Composition of liquid. 



73'5 atoms per cent, of cadmium. 
II ,, ,, aluminium. 

40 „ „ copper. 



Cu 



The melting points of the pure metals are, zinc, 419' 
cadmium, 322°; silver, 960°; 
copper, 1081°; aluminium, 650°. 

2. The two metals can form one 
or more compotmds. 

In this case there will be ob- 
tained not only the freezing-point 
curves of the pure metals, but each 
compound formed will have its 
own freezing-point curve, exhibit- 
ing a point of maximum tempera- 
ture, and ending on either side in 
an eutectic point. The simplest 
curve of this type will be ob- Fi<5- 73- 

tained when only one compound is formed, as is the case with 
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antimony and copper.' This curve is given in Fig. 73, where 
the summit of the intermediate curve corresponds with a com- 
position Cu^Sb or CusSbj. Similar curves are also given by 
nickel and tin, by aluminium and silver, and by other metals, 
the formation of definite compounds between these pairs of 
metals being thereby indicated.^ 

A curve belonging to the same type but more complicated 
is obtained with gold and aluminium ; ^ in this case, several 
compounds are formed, some of which have a definite melting 
point, while others exhibit only a transition point. The chief 
compound is AuAL, which has practically the same melting 
point as pure gold. 

3. The two mdals form mixed crystals (solid solutions). 

The simplest case in which the metals crystallize out 
together is found in silver and gold.* The freezing point curve 
in this case is an almost straight line joining the freezing 
points of the pure metals {cf. curve I., Fig. 65, p. 208). 
These two metals, therefore, can form an unbroken series of 
mixed crystals. 

In some cases, however, the two metals do not form an 
unbroken series of mixed crystals. In the case of zinc and 
silver,^ for example, the addition of silver raises the freezing 
point of the mixture, until a transition point is reached. This 
corresponds with curve IV., Fig. 65. Silver and copper, and 
gold and copper on the other hand, do not form unbroken 
series of mixed crystals, but the freezing point curve exhibits 
an eutectic point, as in curve V., Fig. 65. 

Not only may there be these three different types of curves, 
but there may also be combinations of these. Thus the two 
metals may not only form compounds, but one of the metals 
may not separate out in the pure state at all, but form mixed 
crystals. In this case the freezing point may rise (as in the 

' Le Chatelier, ^roae Ghiirale des Sciences, 1895, 12. 537 ; or Bull. Soc. 
d) Encouragement, 1895 Uli 10. 573. 

- Gautier, Bull. Soc. d' Encouragement, 1896 [5], 1. 1312. 
^ Heycock and Neville, Phil. Trans,, 1900, 194. 201. 
■" Gautier, loc. cit. 
^ Heycock and Neville, /ourn. Client. Soc, 1897, 71. 414. 
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case of silver and zinc), and one of the eutectic points will be 
absent. 

Iron— Carbon Alloys. — Of all the different binary alloys, 
probably the most important are those formed by iron and 
carbon ; alloys consisting not of two metals but of a metal and 
a non-metal. On account of the importance of these alloys, an 
attempt will be made here to describe in brief some of the most 
important relationships met with; dealing only with those 
portions of the very complicated subject about which there is 
practical certainty. 

Before proceeding to discuss the applications of the Phase 
Rule to the study of the iron — carbon alloys, however, the main 
facts with which we have to deal may be stated very briefly. 
With regard to the metal itself, it is known to exist in three 
different allotropic modifications, called a-, /3-, and y-ferrite 
respectively. Of these, we shall consider only the first two. 
Like the two modifications of sulphur or of tin, a- and /3-ferrite 
exhibit a transition point, at which the relative stability of the 
two forms changes. This transition point lies at 850°; and 
below this temperature the a-form, above this temperature the 
^-form is stable. These two forms of iron, further, possess 
different properties. Thus /3-ferrite, the stable form above 850°, 
is non-magnetic, and has the property of dissolving carbon so as 
to form a homogeneous solid solution. a-Ferrite, on the other 
hand, is magnetic, and does not possess the property of dissolving 
carbon. It corresponds practically to the purest wrought iron. 

Various alloys of iron and carbon, also, have to be dis- 
tinguished. First of all, there is hard steel, containing various 
amounts of carbon up to 2 per cent. Microscopic examination 
shows that these mixtures, in spite of the varying amount of 
carbon, are all homogeneous; and they are therefore to be 
regarded as solid solutions. To these the name martensite is 
also given. Fertile contains about o'8 per cent, of carbon ; on 
microscopic examination, this is found to be a heterogeneous 
mixture. If heated above a certain temperature, perlite 
becomes homogeneous, and forms martensite. Lastly, there is 
a definite compound of iron and carbon called cementite, having 
the formula Fe,C. 
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A short description may now be given of the application of 
the Phase Rule to the two-component system iron — carbon ; and 
of the diagram showing how the different systems are related, 
and with the help of which the behaviour of the different 
mixtures under given conditions can be predicted. I'his 
diagram is shown in Fig. 74.^ 

The curve AC is the freezing-point curve for iron, BC the 
unknown freezing point curve for graphite. C is an eutectic 
point. Suppose, now, that we start with a mixture of iron and 
carbon represented by the point x. On lowering the tem- 



Fused Mixture 
of Iron & Carbon 




perature, a point,' y, will be reached at which solid begins to 
separate out. This solid phase, however, is not pure iron, but 
a solid solution of iron and carbon having the composition 
represented by y' (cf. p. 183). As the temperature continues 
to fall, the composition of the liquid phase changes in the 
direction jvC, while the composition of the solid which separates 

' See Roberts-Austen, Introduction to Metallurgy, 5th edit., p. 102 ; 
Bakhuis Roozeboom, /(«<r«. Iron ajid Steel Inst, 1900, II. 311 ; Zeitschr. 
physikal. Chein., 1900, 34. 437 ; von Jiiptner, Siderology, p. 223 (translation 
by C. Salter) ; van't Hoff, Zinn, Gips, und Stahl, p. 24, or Acht Voiirdge 
iiber fhysikalische Chemie, p. 37. 
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out changes in the direction y'T) ; and, finally, when the com- 
position of the molten mass is that of the point C (4'3 per cent, 
carbon), the whole mass solidifies to a heterogeneous mixture 
of two solid solutions, one of which is represented by D 
(containing 2 per cent, of carbon), while the other will consist 
practically of pure graphite, and is not shown in the figure. 
The temperature of the eutectic point is 1130°. 

Even below the solidification point, however, changes can 
take place. As has been said, the solid phase which separates 
out from the molten mass is a solid solution represented by 
the point Dj and the curve DE represents the change in 
the composition of this solid solution with the temperature. 
As indicated in the figure, DE forms a part of a curve repre- 
senting the mutual solubility of graphite in iron and iron in 
graphite; the latter solutions, however, not being shown, as 
they would lie far outside the diagram. As the temperature 
falls, therefore, below 1130°, more and more graphite separates 
out, until at E, when the temperature is 1000°, the solid 
solution contains only i'8 per cent, of darbon. At this tem- 
perature, also, cementite begins to separate out, and continues 
to separate out from the solid solution as the temperature falls, 
until at.F, 670°, an eutectic point is reached, at which pure 
iron, a-ferrite, also appears. At the point F the solid solution 
contains o'8 per cent, of carbon, so that at F an alloy of 
perfectly definite composition is formed, consisting of a hetero- 
geneous mixture of a-ferrite and cementite. This constitutes 
perlite. The curve GF, finally, represents the composition 
of the solid solutions from which pure a-ferrite separates 
out. 

As is evident, the iron — carbon mixtures furnish a splendid 
example of changes taking place in solid solutions which are 
completely analogous to those occurring in liquid solutions. 
A marked difference is, however, observed in that transformation 
occurs with very much greater slowness ; as was, indeed, to be 
expected. 

It might not be amiss to go over the curves once more, but 
in the reverse direction, noticing as we go analogies to other 
systems we have studied. First of all, G, the transition point 
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of a-ferrite to y8-ferrite is analogous to a freezing point ; and, 
like a freezing point, it is lowered by the presence of a second 
substance. In this way the curve GF is obtained, which is 
therefore analogous to a freezing point curve ; the point F 
corresponding with a cryohydric point, at which iron and the 
compound cementite exist together. We have, therefore, a 
system precisely similar to that found at the cryohydric point 
of a salt hydrate. The curve FE, now, will correspond with 
the solubility curve of the salt hydrate, E being a transition 
point at which the compound breaks up into two solid solu- 
tions. This transition point, therefore, would be analogous to 
the point at which a solid melts under the solvent and yields 
two liquid phases (e.g. succinic nitrile and water; p. 120). 

Before concluding this brief account, let us examine the 
behaviour of certain mixtures under given conditions. Let us 
start, say, with a solid solution of carbon in iron containing 
less than o"8 per cent, of carbon, at a temperature of 900°. 
At this temperature of course the mass is solid. On slowly 
cooling down this mixture, a point will be reached at which 
a-ferrite begins to separate out, so that the remaining homo- 
geneous solid solution becomes richer in carbon. This process 
goes on until the point F (670°) is reached, when the mass 
separates out into a mixture of ferrite and cementite. If the 
original solid solution contained o'8 per cent, of carbon, we 
should reach the temperature of 670° without any change taking 
place in the mass ; and at this temperature the homogeneous 
mass would then break up into a heterogeneous mixture of 
ferrite and cementite, constituting perlite. Similarly, with solu- 
tions containing between o-8 and i'8 per cent, of carbon; 
cementite would first separate out from the homogeneous solid 
solution. All solid solutions, therefore, containing up to I'S 
per cent, of carbon yield, on slow cooling, heterogeneous 
mixtures which constitute soft steels or, when the carbon 
content is small, wrought iron. 

The case, however, is different if the solid solution of carbon 
in iron is rapidly cooled from a temperature above the curve 
GFE to a temperature below this curve. In this case the 
rapid cooling does not allow time for the various changes 
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which have just been described to take place; so that the 
homogeneous soUd solution on being rapidly cooled (chilled) 
remains homogeneous. In this way hard steel is obtained. 
By varying the rapidity of cooling, as is done in the tempering 
of steel, varying degrees of hardness can be obtained. 



CHAPTER XIII 

SYSTEMS OF THREE COMPONENTS 

General. — It has already been made evident that an in- 
crease in the number of the components from one to two 
gives rise to a considerable increase in the possible number of 
systems, and introduces not a few complications into the equi- 
librium relations of these. No less is this the case when the 
number of components increases from two to three ; and 
although examples of all the possible types of systems of three 
components have not been investigated, nor, indeed, any one 
type fully, nevertheless, among the systems which have been 
studied experimentally, cases occur which not only possess a 
high scientific interest, but are also of great industrial im- 
portance. On account not only of the number, but more 
especially of the complexity of the systems constituted of three 
components, no attempt will be made to give a full account, 
or, indeed, even a survey of all the cases which have been 
subjected to a more or less complete experimental investigation ; 
on the contrary, only a few of the more important classes will 
be selected, and the most important points in connection 
with the behaviour of these described. 
On applying the Phase Rule 

P-fF = C 4-2 

to the systems of three components, we see that in order that 
the system shall be invariant, no fewer than five phases must be 
present together, and an invariant system will therefore exist at 
a quintuple point. Since the number of liquid phases can 
never exceed the number of the components, and since there 
can be only one vapour phase, it is evident that in this case, 
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as in others, there must always be at least one solid phase 
present at the quintuple point. As the number of phases 
diminishes, the variability of the system can increase from one 
to four, so that in the last case the condition of the system will 
not be completely defined until not only the temperature and 
the total pressure of the system, but also the concentrations of 
two of the components have been fixed. Or, instead of the 
concentrations, the partial pressures of the components may 
also be taken as independent variables. 

Graphic Representation. — Hitherto the concentrations of 
the components have been represented by means of rectangular 
co-ordinates, although the numerical relationships have been 
expressed in two different ways. In the one case, the concen- 
tration of the one component was expressed in terms of a fixed 
amount of the other component. Thus, the solubility of a salt 
was expressed by the number of grams of salt dissolved by 100 
grams of water or other solvent ; and the numbers so obtained 
were measured along one of the co-ordinates. The second 
co-ordinate was then employed to indicate the change of 
another independent variable, e.g. temperature. In the other 
case, the combined weights of the two components A and B 
were put equal to unity, and the concentration of the one 
expressed as a fraction of the whole amount. This method 
allows of the representation of the complete series of concen- 
trations, from pure A to pure B, and was employed, for 
example, in the graphic representation of the freezing point 
curves. 

Even in the case of three components rectangular co- 
ordinates can also be employed, and, indeed, are the most 
convenient in those cases where the behaviour of two of the 
components to one another is very different from their 
behaviour to the third component ; as, for example, in the case 
of two salts and water. In these cases, the composition of the 
system can be represented by measuring the amounts of each 
of the two components in a given weight of the third, along 
two co-ordinates at right angles to one another ; and the change 
of the system with the temperature can then be represented by 
a third axis at right angles to the first two. In those cases, 
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however, where the three components behave in much the 
same manner towards one another, the' rectangular co-ordinates 
are not at all suitable, and instead of these a triangular diagram 
is employed. Various methods have been proposed for the 
graphic representation of systems of three components by 
means of a triangle, but only two of these have been employed 
to any considerable extent; and a short description of these 
two methods will therefore suffice.^ 
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In the method proposed by Gibbs an equilateral triangle of 
unit height is used (Fig 75).^ The quantities of the different 
components are expressed as fractional parts of the whole, and 
the sum of their concentrations is therefore equal to unity, and 
can be represented by the height of the triangle. The corners 

■ G. G. Stokes, Proc. Roy. Soc, 1891, 49. 174 ; Gibbs, Trans. Conn. 
Acad.y 1876, 3. 176 ; Roozeboora, Zeitschr. physikal. CJiem., 1894, 15. 



147. 



This figure has been taken from Ostwald's Lehrbuch, II. 2. 984. 
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of the triangle represent the pure substances A, B, and C 
respectively. A point on one of the sides of the triangle will 
give the composition of a mixture in which only two compo- 
nents are present, while a point within the triangle will repre- 
sent the composition of a ternary mixture. Since every point 
within the triangle has the property that the sum of the 
perpendiculars from that point on the sides of the triangle is 
equal to unity (the height of the triangle), it is evident that the 
composition of a ternary mixture can be represented by fixing 
a point within the triangle such that the lengths of the perpen- 
diculars from the point to the sides of the triangle are equal 
respectively to the fractional amoimts of the three components 
present ; the fractional amount of A, B, or C being represented 
by the perpendicular distance from the side of the triangle 
opposite the corners A, B, and C respectively. 

The location of this point is simplified by dividing the 
normals from each of the corners on the opposite side into ten 
or one hundred parts, and drawing through these divisions 
lines at right angles to the normal and parallel to the side of 
the triangle. A network of rhombohedra is thus obtained, and 
the position of any point can be read off in practically the same 
manner as in the case of rectangular co-ordinates. Thus the 
point P in Fig. 75 represeHts_a^jternary mixture of the com- 
position A = o'S,, E-=-o' tfoT^ O'i ; the perpendiculars P«, 
P^, andrPf being" equal respectively to o'5, o;2, and o'3 of the 
height of the triangle. "^~~ "^ 

Another method of representation, due to Roozeboom, 
consists in employing an equilateral triangle, the length of 
whose side is made equal to unity, or one hundred ; the sum of 
the fractional or percentage amounts of the three components 
being represented therefore by a side of the triangle. In this 
case the composition of a ternary mixture is obtained by 
determining, not the perpendicular distance of a point P from 
the three sides of the triangle, but the distance in a direction 
parallel to the sides of the triangle (Fig. 76). Conversely, in 
order to represent a mixture consisting of a, b, and c parts of 
the components A, B, and C respectively, one side of the 
triangle, say AB, is first of all divided into ten or one hundred 
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parts ; a portion, B^ = a, is then measured oif, and represents 
the amount of A present. Similarly, a portion, Kx = b, is 

measured off and repre- 
sents the fractional 
amount of B, while the 
remainder, xoi = c, re- 
presents the amount of 
C. From x and si lines 
are drawn parallel to the 
sides of the triangle, and 
the 'point of intersection, 
P, represents the com- 
position of the ternary 
mixture of given com- 
position; for, as is evi- 
dent from the figure, the 
distance of the point P 
from the three sides of the triangle, when measured in directions 
parallel to the sides, is equal to a, b, and c respectively. From 
the division marks on the side AB, it is seen that the point P 
in this figure also represents a mixture of o"5 parts of A, o'2 
parts of B, and 0*3 parts of C. 

In employing the triangular diagram, it will be of use to 

note a property of the 
equilateral triangle. A 
line drawn from one 
corner of the triangle 
to the opposite side, re- 
presents the composition 
of all mixtures in which 
the relative amounts of 
two of the components 
remain unchanged. Thus, 
as Fig. 77 shows, if the 
component C is added 

to a mixture x, in which 
Fig. 77. A 1 f. • 

A and B are present in 

the proportions oi a : b,z. mixture oi which is thereby obtained, 
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also contains A and B in the ratio a : b. For the two triangles 
AC* and BCa; are similar to the two triangles HCjc' and 
KCa/j and, therefore, Ax : B* = Ha/.: K^. 
But Kx = 'Dx and B* = 'Ex ; further Ho;' 
= Yx' and 'Kx' = Qx'. Therefore, T)x : 
'Ex = Ex' : Qx' = h : a. At all points on 
the line C*, therefore, the ratio of A to 
B is the same. 

^c. If it is desired to represent at the 
same time the change of another inde- 
pendent variable, e.g. temperature, this 
can be done by measuring the latter along 
axes drawn perpendicular to the corners 
of the triangle. In this way a right prism 
(Fig. 78) is obtained, and each section of 
this cut parallel to the base represents therefore an isothermal 
surface. 




CHAPTER XIV 

SOLUTIONS OF LIQUIDS IN LIQUIDS 

We have already seen (p. 93) that when two hquids are 
brought together, they may mix in all proportions and form 
one homogeneous liquid phase; or. only partial miscibility 
may occur, and two phases be formed consisting of two mutually 
saturated solutions. In the latter case, the concentration of 
the components in either phase and also the vapour pressure 
of. the system had, at a given temperature, perfectly definite 
values. In the case of three liquid components, a similar 
behaviour may be found, although complete miscibility of 
three components with the formation of only one liquid phase 
is of much rarer occurrence than in the case of two components. 
When only partial miscibility occurs, various cases are met with 
according as the three components form one, two, or three 
pairs of partially miscible liquids. Further, when two of the_^ 
components are only partially miscible/, the addition of the 
third may cause either an inclose or a diminution in the mutual 
solubility of these. An increase in the mutual solubility is 
generally found when the third component dissolves readily in 
each of the other two ; but when the third component dissolves 
only sparingly in the other two, its addition diminishes the 
mutual solubility of the latter. ^ 

We shall consider here only a few examples illustrating the 
three chief cases which can occur, viz. (i) A and B, and also 
B and C are miscible in all proportions, while A and C are 
only partially miscible. (2) A and B are miscible in all pro- 
portions, biit A and C and B and C are only partially miscible. 
(3) A and B, B and C, and A and C are only partially miscible. 
A, B, and C here represent the three components. 

I. — The three components form only one pair of partially 
miscible liquids. 
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An example of this is found in the three substances : chloro- 
form, water, and acetic acid.^ Chloroform and acetic acid, 
and water and acetic acid, are miscible with one another in all 
, proportions, but chloroform and water are only partially miscible 
with one another. If, therefore, chloroform is shaken with a 
larger quantity of water than it can dissolve, two layers will be 
formed consisting one of a saturated solution of water in 
chloroform, the other of a saturated solution of chloroform in 
water. The composition of these two solutions at a tempera- 
ture of about 18°, will be represented by the points a and b in 
Fig. 79 ; <^ representing a solution of the composition : chloro- 
form, 99 per cent. ; water, i per cent. ; and b a solution of the 
composition : chloroform, o-8 per cent. ; water, 99'2 per cent. 
When acetic acid is added, it distributes itself between the two 
liquid layers, and two conjugate ternary solutions, consisting of 
chloroform, water, and acetic acid are thereby produced which 
are in equilibrium with one another, and the composition of which 
will be represented by two points inside the triangle. In this 
way a series of pairs of ternary solutions will be obtained by 
the addition of acetic acid to the mixture of chloroform and 
water. By this addition, also, not only do the two liquid 
phases become increasingly rich in acetic acid, but the mutual 
solubility of the chloroform and water increases ; so that the 
layer a becomes relatively richer in water, and layer b relatively 
richer in chloroform. This is seen from the following table, 
which gives the percentage composition of different conjugate 
ternary solutions at 18°. 
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C. R, A. -Wright, Proc.Roy. Soc, 1891, 49. 174 ; 1892, 80. 375. 
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By the continued addition of acetic acid, the composition 
of the successive conjugate solutions in equiUbrium with one 
another becomes, as the table shows, more nearly the same, 
and a point is at length reached at which the two solutions 
become identical. This will therefore be a critical point (p. 96). 
Ipcreased addition of acetic acid beyond this point will lead to 
a single homogeneous solution. 

These relationships are represented graphically by the 
curve aYJ), Fig. 79. The points on the branch aK represent 
the composition of the solutions relatively rich in chloroform 
(heavier layer), those on the curve ^K the composition of solu- 



CH,COOH 




CHCl 



Fig. 79. 



tions relatively rich in water (lighter layer) ; and the points on 
these two branches representing conjugate solutions are joined 
together by " tie-lines." Thus, the points dU represent conju- 
gate solutions, and the line db' is a tie-line. 

Since, now, acetic acid when added to a heterogeneous 
mixture of chloroform and water does not enter in equal 
amounts into the two layers, but in amounts depending on its 
coefficient of distribution between chloroform and water,^ the 

" The distribution coefficient will not remain constant because, apart 
from other reasons, the mutual solubility of chloroform and water is altered 
by the addition of the acid. 



SOLUTIONS OF LIQUIDS IN LIQUIDS 235 

tie-lines will not be parallel to AB, but will be inclined at an 
angle. As the solutions become more nearly the same, the 
tie-lines diminish in length, and at last, when the conjugate 
solutions become identical, shrink to a point. For the reason 
that the tie-lines are, in general, not parallel to the side of the 
triangle, the critical point at which the tie-line vanishes will 
not be at the summit of the curve, but somewhere below this, 
as represented by the point K. 

The curve oKb, further, forms the boundary between the 
heterogeneous and homogeneous systems. A mixture of chloro- 
form, water, and acetic acid represented by any point outside 
the curve a¥ib, will form only one homogeneous phase ; while 
any mixture represented by a point within the curve, will 
separate into two layers having the composition represented by 
the ends of the tie-line passing through that point. Thus, a 
mixture of the total composition x, will separate into two layers 
having the composition a' and ^' respectively. 

Since three components existing in three phases (two liquid 
and a vapour phase) constitute a bivaiiant system, the final 
result, i.e. the composition of the two layers and the total 
vapour pressure, will not depend merely on the temperature, as 
in the case of two-component systems (p. 100), but also on the 
composition of the mixture with which we start At constant 
temperature, however, all mixtures, the composition of which is 
represented by a point on one and the same tie-line, will separate 
into the same two liquid phases, although the relative atnounts 
of the two phases will vary. If we omit the vapour phase, 
the condition of the system will depend on the pressure as 
well as on the temperature and composition of the initial 
mixture. By keeping the pressure constant, e.g. at atmospheric 
pressure (by working with open vessels), the system again 
becomes bivariant. We see, therefore, that the position of the 
curve dKb, or, in other words, the composition of the different 
conjugate ternary solutions, will vary with the temperature, and 
only with the temperature, if we assume either constancy of 
pressure or the presence of the vapour phase. Since at the 
critical point the condition is imposed that the two liquid 
phases become identical, one degree of freedom is thereby 
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lost, and therefore only one degree of freedom remains. The 
critical point, therefore, depends on the temperature, and only 
on the temperature ; always on the assumption, of course, that 
the pressure is constant, or that a vapour phase is present. 
Fig. 79, therefore, represents an isothermal (p. 231). 

It is of importance to note that the composition of the 
different ternary solutions obtained by the addition of acetic acid 
to a heterogeneous mixture of chloroform and water, will depend 
not only on the amount of acetic acid added, but also on the 
relative amounts of chloroform and water at the commence- 
ment. Suppose, for example, that we start with chloroform and 
water in the proportions represented by the point c (Fig. 79). 
On mixing these, two liquid layers having the composition a 
and b respectively will be formed. Since by the addition of 
acetic acid the relative amounts of these two substances in the 
system as a whole cannot undergo alteration, the total com- 
position of the different ternary systems which will be obtained 
must be represented by a point on the line C^r' (p. 230). Thus, 
for example, by the addition of acetic acid a system may be 
obtained, the total composition of which is represented by the 
point c' . Such a system, however, will separate into two 
conjugate ternary solutions, the composition of which will be 
represented by the ends of the tie-line passing through the 
point d'. So long as the total composition of the system lies 
below the point S, i.e. the point of intersection of the line €</ 
with the boundary curve, two liquid layers will be formed; 
while all systems having a total composition represented by a 
point on the line Cf', above S, will form only one homogeneous 
solution. 

From the figure, also, it is evident that as the amount of 
acetic acid is increased, the relative amounts of the two liquid 
layers formed differ more and more until at S a limiting 
position is reached, when the amount of the one liquid layer 
dwindles to nought, and only one solution remains. 

The same reasoning can be carried through for different 
initial amounts of chloroform and water, but it would be fruit- 
less to discuss all the different systems which can be obtained. 
The reason for the preceding discussion was to show that 
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although the addition of acetic acid to a mixture of chloroform 
and water will, in all cases, lead ultimately to a limiting 
system, beyond which homogeneity occurs, that point is not 
necessarily the critical point. On the contrary, in order that 
addition of acetic acid shall lead to the critical mixture, it is 
necessary to start with a binary mixture of chloroform and 
water in the proportions represented by the point c . In this 
case, addition of acetic acid will give rise to a series of con- 
jiigate ternary solutions, the composition of which will gradually 
approach to one another, and at last become identical. 

From the foregoing it will be evident that the amount of 
acetic acid required to produce a homogenous solution, will 
depend on the relative amounts of chloroform and water from 
which we start, and can be ascertained by joining the corner C 
with the point on the line AB representing the total com- 
position of the initial binary system. The point where this 
line intersects the boundary curve aYJ) will indicate the minimum 
amount of acetic acid which, under these particular conditions, 
is necessary to give one homogeneous solution. 

Retrograde Solubility. — As a consequence of the fact that 
acetic acid distributes itself unequally between chloroform and 
water, and the critical point K, therefore, does not lie at the 
summit of the curve, it is possible to start with a homogeneous 
solution in which the percentage amount of acetic acid is 
greater than at the critical point, and to pass from this first to 
a heterogenous and then again to a homogenous system merely 
by altering the relative amounts of chloroform and water. This 
phenomenon, to which the! term retrograde solubility is applied, 
will be observed not only in the case of chloroform, water, and 
acetic acid, but in all other systems in which the critical point 
lies below the highest point of the boundary curve for hetero- 
geneous systems. This will be seen from the diagram, Fig. 80. 
Starting with the homogeneous system represented by x, in 
which, therefore, the concentration of C is greater than in 
the critical mixture (K), if the relative amounts of A and B 
are altered in the direction xa/, while the amount of C is 
maintained constant, the system will become heterogeneous 
when the composition reaches the point y, and will remain 
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heterogeneous with changing composition until the point y is 
passed, when it will again become homogeneous. If the 
relative concentration of C is increased above that represented 
by the line SS, this phenomenon will, of course, no longer be 
observed. 

Relationships similar to those described for chloroform, 
water, and acetic acid are also found in the case of a number 
of other trios, e.g. ether, water, and alcohol ; chloroform, water, 
and alcohol.* They have also been observed in the case of a 
considerable number of molten metals.^ Thus, molten lead 
and silver, as well as molten zinc and silver, mix in all pro- 
portions ; but molten lead and zinc are only partially miscible 



Fig. 8o. 

with one another. When melted together, therefore, the last 
two metals will separate into two liquid layers, one rich in lead, 
the other rich in zinc. If silver is now added, and the tem- 
perature maintained above the freezing point of the mixture, 
the silver passes for the most part, in accordance with the law 
of distribution, into the upper layer, which is rich in zinc; 
silver being more soluble in molten zinc than in molten lead. 
This is clearly shown by the following fi^fures : — ^ 

' Bancroft, Physical Review, 1895, 3. 21 | Schreinemakers, Zeitschr. 
physikal. Chem., 1897, 23. 652, and subsequent volumes. 
■^ C. R. A. Wright, Proc. Roy. Soc, 1889-1893. 
2 C. R. A. Wright, Proc. Roy. Soc, 1892, 60. 390. 
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Heavier alloy. 


Lighter alloy. 


Percentage amount of 
Silver. Lead. 1 Zinc. 


Percentage amount of 
Silver. Lead. 1 Zinc. 


1-25 

1-71 

5'S5 


99-69 

96-43 
93-16 


2-o6 
1-86 
1-29 


38-91 
45-01 
54-93 


3-12 

3-37 
4-21 


57 97 
51-62 
40-86 



The numbers in the same horizontal row give the com- 
position of the conjugate alloys, and it is evident that the 
upper layer consists almost entirely of silver and zinc. On 
allowing the mixture to cool slightly, the upper layer solidifies 
first, and can be separated from the still molten lead layer. 
It is on this behaviour of silver towards a mixture of molten 
lead and zinc that the Parkes's method for the desilverization 
of lead depends.^ If aluminium is also added, a still larger 
proportion of silver passes into the lighter layer, and the 
desilverization of the lead is more complete.^ 

The Influence of Temperature. — As has already been said, 
a ternary system existing in three phases possesses two degrees 
of freedom ; and the state of the system 
is therefore dependent not only on the 
relative concentration of the components, 
but also on the temperature. As the tem- 
perature changes, therefore, the boundary 
curve of the heterogeneous system will 
also alter ; and in order to represent this 
alteration we shall make use of the right 
prism, in which the temperature is mea- 
sured upwards. In this way the boundary 
curve passes into a boundary surface 
(called a dineric surface), as shown in 
Fig. 81. In this figure the curve akb is 
the isothermal for the ternary system; the curve dKb shows 
the change in the binary system AB with the temperature, with 

' Bodlander, Berg- und Hiittemndnn. Ztg., 1897, 66. 331. 
■^ C. R. A. Wright, Proc. Roy. Soc. , loc. cit. 
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Fig. 82. 



a critical point at K. This curve has the same meaning as 
those given in Chapter VI. The curve kY^ is a critical curve 
joining together the critical points of 
the different isothermals. In such a 
case as is shown in Fig. 81, there does 
not exist any real critical temperature 
for the ternary system, for as the tem- 
perature is raised, the amount of C in 
the " critical " solution becomes less and 
less, and at K only two components, A 
and B, are present. In the case, how- 
ever, represented in Fig. 82, a real 
ternary critical point is found. In this 
figure dKb is an isothermal, aF is the 
curve for the binary system, and K is the ternary critical point. 
All points outside the helmet-shaped boimdary surface represent 
homogeneous ternary solutions, while all points within the 
surface belong to heterogeneous systems. Above the tempe- 
rature of the point K, the three components are miscible in all 
proportions. An example of a ternary system yielding such a 
boundary surface is that consisting of phenol, water, and acetone.^ 

In this case the critical tem- 
perature K is 92°, and the 
composition at this ternary 
critical point is — 

Water 59 per cent. 
Acetone 12 „ 
Phenol 29 „ 
The difference between 
the two classes of systems just 
mentioned, is seen very clearly 
by a glance at the Figs. 83 
and 84, which show the pro- 
jection of the isothermals on 
the base of the prism. In Fig. 83, the projections yield para- 
boloid curves, the two branches of which are cut by one side of 
the triangle ; and the critical point is represented by a point on 
' Schreinemakers, Zeitschr, physikal. Cheiii., 1900, 33. 78. 
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Fig. 84. 



this side. In the second case (Fig. 84), however, the pro- 
jections of the isothermals form elhpsoidal curves surrounding 
the supreme critical point, 
which now lies inside the 
triangle. At lower tempera- 
tures, these isothermal boun- 
dary curves are cut by a side 
of the triangle j at the critical 
temperature, k", of the binary 
system AB, the boundary 
curve touches the side AB, 
while at still higher tempera- 
tures the boundary curve 
comes to lie entirely within 
the triangle. At any given 
temperature, therefore, between the critical point of the binary 
system (^"), and the supreme critical point of the ternary system 
(K), each pair of the three components are miscible with one 
another in all proportions ; for the region of heterogeneous 
systems is now bounded by a closed curve lying entirely within 
the triangle. Outside this curve only homogeneous systems 
are found. Binary mixtures, therefore, represented by any 
point on one of the sides of the triangle must be homogeneous, 
for they all lie outside the boundary curve for heterogeneous 
states. 

2. The three components can form two pairs of partially 
miscible liquids. 

In the case of the three components water, alcohol, and 
succinic nitrile, water and alcohol are miscible in all propor- 
tions, but not so water and succinic nitrile, or alcohol and 
succinic nitrile. 

As we have already seen (p. 120), water and succinic 
nitrile can form two liquid layers between the temperatures 
18 '5° and 5 5 '5°; while alcohol and nitrile can form two liquid 
layers betwen 13° and 31°. If, then, between these two 
temperature limits, alcohol is added to a heterogeneous mixture 
of water and nitrile, or water is added to a mixture of alcohol 
and nitrile, two heterogeneous ternary systems will be formed. 
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and two boundary curves will be obtained in the triangular 
diagram, as shown in Fig. 85.' On changing the temperature, 
the boundary curves will also undergo alteration, in a manner 
similar to that just discussed. As the temperature falls, the 
two curves will spread out more and more into the centre of 




Fig. 85. 



Fig. 



the triangle, and might at last meet one another ; while at still 
lower temperatures we may imagine the curves still further 
expanding so that the two heterogeneous regions flow into one 
another and form a band on the triangular diagram (Fig. 86). 
This, certainly, has not been realized in the case of the three 
components mentioned, because at a 
temperature higher than that at which 
the two heterogeneous regions could 
fuse together, solid separates out. 

The gradual expansion of a para- 
boloid into a band-like area of hetero- 
geneous ternary systems, has, however, 
been observed in the case of water, 
phenol, and aniline.^ In Fig. 87 are 
shown three isothermals, viz. those for 
At 148°, water and aniline form two 




Fig. 87. 



148°, 95°, and 50°. 

layers having the composition 

Water, 83 '5 per cent 
Aniline, i6'S „ 



J , 5^ater, 
3 t aniline. 



20 per cent. 
80 „ 



' Schreinemakers, Za'to/j/-. ^/iy«'/('fl/. Chem., 1898,27.95. 
' Schreinemakeis, Zeitschr. physikal. Chan., 1899, 29. 577. 
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and the critical point k' has the composition — 

Water, 65 ; phenol, I3'2 ; aniline, 21 '8 per cent. 

At 95°, the composition of the two binary solutions is — 

Water, 93 per cent. \ , / water, 8 per cent. 
Aniline, 7 ,, / I aniline, 92 ,, 

while the point k' has the composition 

Water, 69"9 ; phenol, 26'6 ; aniline, 3'S per cent. 

At 50°, the region of heterogeneous states now forms a 
band, and the two layers formed by water and aniline have the 
composition — • 

Water, 96"5 per cent. \ ./water, 5*5 per cent. 
Aniline, 3'S ,, / \ aniline, 94'5 ,, 

while the two layers formed by water and phenol have the 
composition — 

Water, 89 per cent. \ j f water, 38 per cent. 
Phenol, II ,, / I phenol, 62 ,, 

All mixtures of water, phenol, and aniline, therefore, the com- 
position of which is represented by any point within the band 
abed, will form two ternary solutions ; while if the composition 
is represented by a point outside the band, only one homo- 
geneous solution will be produced. 

3. The three components form three pairs of partially 
miscihle liqtdds. 

The third chief case 
which can occur is that no 
two of the components are 
completely miscible with 
one another. In this case, 
therefore, we shall obtain 
three paraboloid boundary 
curves, as shown in Fig. 
88. If, now, we imagine 
these three curves to ex- 
pand in towards the centre p^^, 
of the triangle, as might 
happen, for example, by lowering the temperature, a point will 
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be reached at which the curves partly overlap, and we shall get 
the appearance shown in Fig. 89. 

The points a, b, and c represent the points where the three 
curves cut, and the triangle abc is a region where the curves 

overlap. From this dia- 
gram we can see that aj^y 
mixture having a com- 
position represented by 
a point in one of the 
clear spaces at the comers 
of the larger triangle, will 
form a homogeneous so- 
lution; if the composition 
corresponds to any point 
lying in one of the quad- 
rilateral regions Xi, x., or 
aTj, two ternary solutions 
will be formed ; while, if 
the composition is represented by any point in the inner 
triangle, separation into three layers will occur. 

Since in the clear regions at the corners of the triangle we 
have three components in two phases, liquid and vapour, the 
systems have three degrees of freedom. At constant tempe- 
rature, therefore, the condition of the system is not defined until 
the concentrations of two of the components are fixed. A 
system belonging to one of the quadrilateral spaces has, as we 
have seen, two degrees of freedom ; besides the temperature, 
one concentration must be fixed. Lastly, a system the com- 
position of which falls within the inner triangle abc, will form 
three layers, and will therefore possess only one degree of 
freedom. If the temperature is fixed, the composition of the 
three layers is also determined, viz. that of the points a, b, and 
.; respectively ; and a change in the composition of the original 
mixture can lead only to a difference in the relative amounts 
of the three layers, not to a difference in their composition. 

An example of a system which can form three liquid phases 
is found in water, ether, and succinic nitrile.' 

' Schreinemakers, Zeitschr. physikal. Chem,, 1S9S, 26. 543. 
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A. The Ternary Eutectic Point.— In passing to the con- 
sideration of those ternary systems in which one or more solid 
phases can exist together with one liquid phase, we shall first 
discuss not the solubility curves, as in the case of two-com- 
ponent systems, but the simpler relationships met with at the 
freezing point. That is, we shall first of all examine the 
freezing point curves of ternary systems. 

Since it is necessary to take into account not only the 
changing composition of the liquid phase, but also the variation 
of the temperature, we shall employ 
the right prism for the graphic re- 
presentation of the systems, as 
shown in Fig. 90. A, B, and C in 
this figure, therefore, denote the 
melting points of the pure com- 
ponents. If we start with the com- 
ponent A at its melting point, and 
add B, which is capable of dissolving 
in liquid A, the freezing point of A 
will be lowered; and, similarly, the 
freezing point of B by addition of A. 
In this way we get the freezing point 
curve A,^iB for the binary system; 
^1 being an eutectic point. This curve will of course lie in the 
plane formed by one face of the prism. In a similar manner we 
obtain the freezing point curves A/^aC and B/^^C. These curves 
give the composition of the binary liquid phases in equilibrium 
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with one of the pure components, or at the eutectic points, with 
a mixture of two solid components. If, now, to the system 
represented say by the point k^, a small quantity of the third 
component, C, is added, the temperature at which the two solid 
phases A and B can exist in equilibrium with the liquid phase 
is lowered ; and this depression of the eutectic point is all the 
greater the larger the addition of C. In this way we obtain the 
curve /^iK, which slopes inwards and downwards, and indicates 
the varying composition of the ternary liquid phase with which 
a mixture of solid A and B are in equilibrium. Similarly, 
the curves k^ and k.^ are the corresponding eutectic curves 
for A and C, and B and C in equilibrium with ternary solutions. 
At the point K, the three solid components are in equilibrium 
with the liquid phase ; and this point, therefore, represents 
the lowest temperature attainable with the three components given. 
Each of the ternary eutectic curves, as they may be called, is 
produced by the intersection of two surfaces, while at the 
ternary eutectic point, three surfaces, viz. Kk^lUi^, B/^iOg, 
and C^iK^3 intersect. Any point on one of these surfaces 
represents a ternary solution in equilibrium with only one com- 
ponent in the solid state ; the lines or curves of intersection of 
these represent equilibria with two solid phases, while at the 
point K, the ternary eutectic point, there are three solid phases 
in equilibrium with a liquid and a vapour phase. The surfaces 
just mentioned represent bivariant systems. One component 
in the solid state can exist in equilibrium with a ternary liquid 
phase under varying conditions of temperature and concentra- 
tion of the components in the solution ; and before the state of 
the system is defined, these two variables, temperature and 
composition of the liquid phase, must be fixed. On the other 
hand, the curves formed by the intersection of these planes 
represent univariant systems ; at a given temperature two solid 
phases can exist in equilibrium with a ternary solution, only 
when the latter has a definite composition. Lastly, the ternary 
eutectic point, K, represents an invariant system ; three solid 
phases can exist in equilibrium with a ternary solution, only 
when the latter has one fixed composition and when the tem- 
perature has a definite value. This eutectic point, therefore, 
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k^0B2°) 



(232) 



(325) 



has a perfectly definite position, depending only on the nature 
of the three components. 

Instead of employing the prism, the change in the com- 
position of the ternary solutions 
can also be indicated by means 
of the projections of the curves 
^iK, .^sK, and ^gK on the base 
of the prism, the particular tem- 
perature being written beside 
the different eutectic points and 
curves. This is shown in Fig. 
91. 

The numbers which are 
given in this diagram refer to 
the eutectic points for the system bismuth 
for which are as follows : — ^ 




(127)k. 



k^(133) 



A (268) 

Fig. 91. 
-lead — tin, the data 



MeltiDg point of pure 
metal. 


PerceDtage composition of 
binary eutectic mixture. 


Temperature of binary 
eutectic point. 


Bismulh, 268° 
Lead, 325° 
Tin, 232° 


Bi Pb Sn 

55 45 — 

58 _ 42 

- 37 63 


Ei— Pb, 127° 
Bi— Sn, 133° 
Pb— Sn, 182° 



Percentage composition of 
ternary eutectic mixture. 



Bi 
52 



Pb 
32 



Sn 
16 



Temperature of ternary 
eutectic point. 



96° 



Pormation of Compounds. — In the case just discussed, the 
components crystallized out from solution in the pure state. 
If, however, combination can take place between two of the 
components, the relationships will be somewhat different j the 
curves which are obtained in such a case being represented in 
Fig. 92. From the figure, we see that the two components B 

' Charpy, Compt. rend., 1898, 126. 1569. Compare the curves for the 
system KNO3— NaNOj- LiNO, (H. R. Carveth, Journ. Physical 
Chem., 1898, 2. 209). Also alloys of Pb— Sn— Bi (E. S. Shepherd, 
Journ, Physical Chem., 1902, 6. 527). 
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Fig. 92. 



and C form a compound, and the freezing point curve of the 
binary system has therefore the form shown in Fig. 64 (p. 207). 
Further, there are two ternary eutectic 
points, Ki and K„, the soHd phases 
present being A, B, and compound, 
and A, C, and compound respec- 
tively. 

The particular point, now, to which 
it is desired to draw attention is this. 
Suppose the ternary eutectic curves 
projected on a plane parallel to the 
face of the prism containing B and C, 
i.e. suppose the concentrations of the 
two components B and C, between 
which interaction can occur, expressed 
in terms of a constant amount of the 
third component A,^ curves will then 
be obtained which are in every respect analogous to the 
freezing point curves of binary systems. Thus, suppose the 
eutectic curves k-^ and k^ in Fig. 90 projected on the face 
BC of the prism, then evidently a curve will be obtained con- 
sisting of two branches meeting in an eutectic point. On the 
other hand, the projection of the ternary eutectic curves in 
Fig. 92 on the face BC of the prism, will give a curve consist- 
ing of three portions, as shown by the outline /^jKiK^/'o in 
Fig. 92. 

Various examples of this have been studied, and the follow- 
ing table contains some of the data for the system ethylene 
bromide (A), picric acid (B), and /8-naphthol (C), obtained by 
Bruni.^ 

' It should be remembered that in the triangular diagram a line 
parallel to one of the sides indicates, at a given temperature, a constant 
amount of the component represented by the opposite corner of the 
triangle ; and, hence, points in a plane, parallel to one face of a right 
prism, will indicate for different temperatures, variation in the amounts of 
two components, but constancy in the amount of the third. 

^ Gazzetta chim. ital., 1898, 28. II. 520. 
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Tempera- 
ture. 


Solid phases present. 


Point /5, .... 


9-41° 


Ethylene bromide, picric acid. 


Curve i,K, 







Point K, . . 


9-32° 


Ethylene bromide, picric acid, and 
/3-naphthol picrate. 


Curve KiD'Kz . . 


— 


Ethylene bromide, /3-napthol picrate. 


Point D' . . . . 


975° 




Point Kj . . . 


8-89° 


,, ,, ;3-naphthol, and pi- 
crate. 


Curve Kj/J, • • ■ 


— 


,, „ /3-napthol. 


Point k2 . . ■ ■ 


9-04° 


ti it 1) 



From what has been said, it will be apparent that if the 
ternary eutectic curve of a three-component system (in which 
one of the components is present in constant amount) is deter- 
mined, it will be possible to state, from the form of curve 
obtained, whether or not the two components present in varying 
amoimt crystallize out pure or combine with one another to 
form a compound. It may be left to the reader to work out 
the curves for the other possible systems ; but it will be apparent, 
that the projections of the ternary eutectic curves in the manner 
given will yield a series of curves alike in all points to the 
binary curves given in Figs. 63-65, pp. 206-208. 

Since, from the method of investigation, the temperatures 
of the eutectic curves will depend on the melting point of the 
third component (A), it is possible, by employing substances 
with widely differing melting points, to investigate the inter- 
action of the two components (e.g. two optical antipodes) B 
and C over a range of temperature ; and thus determine the 
range of stability of the compound, if one is formed. Since, 
in some cases, two substances which at one temperature form 
mixed crystals combine at another temperature to form 
a definite compound, the relationships which have just been 
described can be employed, and indeed, have been employed, 
to determine the temperature at which this change occurs.^ 
By means of this method, Adriani found that below 103° i- 
camphoroxime exists as a racemic compound, while above 



' Bruni, Gazzetia chim. ital., 18 



11. 508; 1900, 30. I. 35. 
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that temperature it occurs as a racemic mixed crystal' {cf. 
p. 217). 

B. Equilibria at Higher Temperatures. Formation of Double 
Salts. — After having studied the relationships which are found 
in the neighbourhood of the freezing points of the components, 
we now pass to the discussion of the equilibria which are met 
with at higher temperatures. In this connection we shall con- 
fine the discussion entirely to the systems formed of two salts 
and water, dealing more particularly with those cases in which 
the water is present in relatively large amount and acts as 
solvent. Further, in studying these systems, one restriction 
must be made, viz. that the single salts are salts either of the 
same base or of the same acid ; or are, in other words, capable 
of yielding a common ion in solution. Such a restriction is 
necessary, because otherwise the system would be one not of 
three but of four components. ^ 

Transition Point. — As is very well known, there exist a 
number of hydrated salts which, on being heated, undergo 
apparent partial fusion • and in Chapter V. the behaviour of 
such hydrates was more fully studied in the light of the Phase 
Rule. Glauber's salt, or sodium sulphate decahydrate, for 
example, on being heated to a temperature of about 32'5°, 
partially liquefies, owing to the fact that the water of crystalliza- 
tion is split off" and anhydrous sodium sulphate formed, as 
shown by the equation — 

Na3SO„ioH,,0 = NaoSOj -|- loH^O 

The temperature of 32*5°, it was learned, constituted a 
transition point for the decahydrate and anhydrous salt plus 
water; decomposition of the hydrated salt occurring above 
this temperature, combination of the anhydrous salt and water 
below it. 

Analogous phenomena are met with in systems constituted 
of two salts and water in which the formation of double salts 
can take place. Thus, for example, if (/-sodium potassium 

' Zeitschr. physikal. C/iem., 1900, 36. 168. 

^ For a discussion of these systems, see van't Hoff, Bildung und 
Spaliungvon Doppelsalzen (Leipzig, 1897), 
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tartrate is heated to above 55°, apparent partial fusion occurs, 
and the two single salts, ^-sodium tartrate and ^-potassium 
tartrate, are deposited, the change which occurs being repre- 
sented by the equation — 

4NaKC406H4,4H20 = 2l>i&JZJd^B.^,2Yi.^O + 2K,C406HiH20 
+ iiH,0 

On the other hand, if sodium and potassium tartrates are 
mixed with water in the proportions shown on the right side of 
the equation, the system will remain partially liquid so long as 
the temperature is maintained above 55° (in a closed vessel to 
prevent loss of water), but on allowing the temperature to fall 
below this point, complete solidification will ensue, owing to 
the formation of the hydrated double salt. Below 55°, there- 
fore, the hydrated double salt is the stable system, while above 
this temperature the two single salts plus saturated solution are 
stable.' 

A similar behaviour is found in the case of the double salt 
copper dipotassium chloride (CuCl2,2KCl,2H20 or CuKjCli, 
2H20).^ When this salt is heated to 92°, partial liquefaction 
occurs, and the original blue plate-shaped crystals give place to 
brown crystalline needles and white cubes ; while on allowing the 
temperature to fall, re-formation of the blue double salt ensues. 
The temperature 92° is, therefore, a transition point at which 
the reversible reaction — 

CuK2Cl4,2H20 :^ CuKCls -f- KCl -f 2H2O 

takes place. 

The decomposition of sodium potassium tartrate, or of 
copper dipotassium chloride, differs in so far from that of 
Glauber's salt that two new solid phases are formed; and in 
the case of copper dipotassium chloride, one of the decom- 
position products is itself a double salt. 

In the two examples of double salt decomposition which have 
just been mentioned, sufficient water was yielded to cause a 
partial liquefaction ; but other cases are known where this is 
not so. Thus, when copper calcium acetate is heated to a 

' Van Leejjwen, Zeitschr. physikal. Chem., 1897, 23. 35. 

^ Meyerhoffer, Zeitschr. physikal. Chem., 1889, 3. 336 ; 1890, 5. 97. 
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temperature of 75°, although decomposition of the double salt 
into the two single salts occurs as represented by the equation ^ — 
CuCa(QH302)4,8HoO = QM{<Z^,(:)i,^;Q..fi + Ca(QH30.,)„,H„0 

+ 6H2O 
the amount of water split off is insufificient to give the appear- 
ance of partial fusion, and, therefore, only a change in the 
crystals is observed. 

The preceding examples, in which decomposition of the 
double salt was effected by a rise of temperature, were chosen 
for first consideration as being more analogous to the case of 
Glauber's salt ; but not a few examples are known where the 
reverse change takes place, formation of the double salt occur- 
ring above the transition point, and decomposition into the 
constituent salts below it. Instances of this behaviour are 
found in the case of the formation of astracanite from sodium 
and magnesium sulphates, and of sodium ammonium racemate 
from the two sodium ammonium tartrates, to which reference 
will be made later. Between these various systems, however, 
there is no essential difference ; and whether decomposition or 
formation of the double salt occurs at temperatures above the 
transition point, will of course depend on the heat of change at 
that point. For, in accordance with van't Hoft's law of mov- 
able equilibrium (p. 56), that change will take place at the 
higher temperature \\hich is accompanied by an absorption of 
heat. If, therefore,, the formation of the double salt from the 
single salts is accompanied by an absorption of heat, the double 
salt will be formed from the single salts on raising the tempe- 
rature ; but if the reverse is the case, then the double salt on 
being heated will decompose into the constituent salts.-^ 

In those cases, now, which have so far been studied, the 
change at the transition point is accompanied by a taking up 
or a splitting off of water ; and in such cases t/w getieral rule caji 
be given, that if the water of crystallization of the two constituent 

' Reicher, Zeitschr. physikal. Chem., 1887, 1. 220. 

' For other examples of the formation and decomposition of double 
salts at a transition point, the reader is referred to the work by van't Hoff, 
already cited, on the Bildjing tmd Spaltung von Doppelsalxen ; or to Ban- 
croft, Phase Rule, ^. iSo. 
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salts together is greater than that of the double salt, the latter will 
he produced from the foi-mer on raising the temperature (e.g. 
astracanite from sodium and magnesium sulphates) ; but if the 
double salt contaiiis more water of crystallization than the two 
single salts, increase of temperature will effect the decomposition of 
the double salt. When we seek for the connection between this 
rule and the law of van't HofT, it is found in the fact that the 
heat effect involved in the hydration or dehydration of the salts 
is much greater than that of the other changes which occur, and 
determines, therefore, the sign of the total heat effect.^ 

Vapour Pressure. Quintuple Point. — In the case of 
Glauber's salt, we saw that at a certain temperature the vapour 
pressure curve of the hydrated salt cut that of the saturated 
solution of anhydrous sodium sulphate. That point, it will be 
remembered, was a quadruple point at which the four phases 
sodium sulphate decahydrate, anhydrous sodium sulphate, solu- 
tion, and vapour, could co-exist ; and was also the point of in- 
tersection of the curves for four univariant systems. In the 
case of the formation of double salts, similar relationships are 
met with ; and also certain differences, due to the fact that we 
are now dealing with systems of three components. Two cases 
will be chosen here for brief description, one in which forma- 
tion, the other in which decomposition of the double salt occurs 
with rise of temperature. 

On heating a mixture of sodium sulphate decahydrate 
and magnesium sulphate heptahydrate, it is found that at 
22° partial liquefaction occurs with formation of astracanite. 
At this temperature, therefore, there can coexist the five 
phases — 

Na^S04,ioH,0; MgS0,,7H,0; Na.,Mg(S04)„4H,0 ; 
solution ; vapour. 

This constitutes, therefore, a quintuple point; and since 
there are three components present in five phases, the system 
is invariant. This point, also, will be the point of intersection 
of curves for five univariant systems, which, in this case, must 
each be composed of four phages. These systems are — 

' Bancroft, Phase Rule, p, 183. 
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I. Na,S04,ioH,0; MgS04,7H.,0; Na,Mg(SO,),,4H,0 ; 
vapour. 

II. Na2S04,ioH20 ; MgSOi.yHgOj solution; vapour. 

MgS04,7H.,0; Na,Mg(S04)2,4H20 ; solution; 



NajSOj, 1 0H2O ; Na^Mg (804)2,41120 ; solution ; vapour. 
Na,S04,ioH20 ; MgS04,7H20 ; Na2Mg(S04)2,4H20 ; 




III. 

vapour. 

IV. 

V. 

solution. 

On representing the vapour pressures of these different 
systems graphically, a diagram is obtained such as is shown 

in Fig. 93,^ the curves being num- 
bered in accordance with the above 
list. When the system I. is heated, 
the vapour pressure increases until 
at the quintuple point the liquid 
phase (solution) is formed, and it 
will then depend on the relative 
amounts of the different phases 
whether on further heating there is 
_ formed system III., IV., or V. If 
either of the first two is produced, 
we shall obtain the vapour pressure 
of the solutions saturated with respect to both double salt and 
one of the single salts ; while if the vapour phase disappears, 
there will be obtained the pressure of the condensed systems 
formed of double salt, two single salts and solution. This 
curve, therefore, indicates the change of the transition point with 
pressure; and since in the ordinary determinations of the 
transition point in open vessels, we are in reality dealing with 
condensed systems under the pressure of i atm., it will be 
evident that the transition point does not accurately coincide 
with the quintuple point (at which the system is under the 
pressure of its own vapour). As in the case of other con- 
densed systems, however, pressure has only a slight influence 
on the temperature of the transition point. Whether or not 
pressure raises or lowers the transition point will depend on 
whether transformation is accompanied by an increase or 
' Roozeboom, Zeitschr. physikal. Chem., 1888, 2. 514. 
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diminution of volume (theorem of Le Chatelier, p. 56). In 
the case of the formation of astracanite, expansion occurs, and 
the transition point will therefore be raised by increase of 
pressure. Although measurements have not been made in the 
case of this system, the existence of such a curve has been 
experimentally verified in the case of copper and calcium 
acetates and water (v. infra). 

The vapour pressure diagram in the case of copper calcium 
acetate and water (Fig. 94), is almost the reverse of that 
already discussed. In this case, 
the double salt decomposes on 
heating, and the decomposition 
is accompanied by a contraction. 
Curve I. is the vapour pressure 
curve for double salt, two single 
salts (p. 252), and vapour; curves 
II. and III. give the vapour pres- 
sures of solutions saturated with 
respect to double salt and one of 
the single salts ; curve IV. is the 
curve of pressures for the solu- 
tions saturated with respect to the two single salts ; while curve 
V. again represents the change of the transition point with 
pressure. On examining this diagram, it is seen that whereas 
astracanite could exist both above and below the quintuple 
point, copper calcium acetate can exist only below the quintuple 
point. This behaviour is found only in those cases in which 
the double salt is decomposed by rise of temperature, and 
where the. decomposition is accompanied by a diminution of 
volume.* 

As already mentioned, the decomposition of copper calcium 
acetate into the single salts and saturated solution is accom- 
panied by a contraction, and it was therefore to be expected 
that increase of pressure would lower the transition point. 
This expectation of theory was confirmed by experiment, for 
van't Hoff and Spring found that although the transition point 
under atmospheric pressure is about 75°, decomposition of the 

' Roozeboom, Zeitschr. physikal. C/iem., 1887, 1. 227. 
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double salt took place even at the ordinary temperature when 
the pressure was increased to 6000 atm.'^ 

Solubility Curves at the Transition Point.— At the tran- 
sition point, as has already been shown, the double salt and 
the two constituent salts can exist in equilibrium with the same 
solution. The transition point, therefore, must be the point of 
intersection of two solubility curves ; the solubility curve of the 
double salt and the solubility curve of the mixtures of the two 
constituent salts. It should be noted here that we are not 
dealing with the solubility curves of the single salts separately, for 
since the systems are composed of three components, a single 
solid phase can, at a given temperature, be in equilibrium with 
solutions of different composition, and two solid phases in con- 
tact with solution (and vapour) are therefore necessary to give 
an univariant system. The same applies, of course, to the 
solubility of the double salt ; for a double salt also constitutes 
a single phase, and can therefore exist in equilibrium with 
solutions of varying composition. If, however, we make the 
restriction (which we do for the present) that the double salt 
is not decomposed by water, then the solution will contain the 
constituent salts in the same relative proportions as they are 
contained in the double salt, and the system may therefore be 
regarded as one of two components, viz. double salt and water. 
In this case one solid phase is sufficient, with solution and 
vapour, to give an univariant system ; and at a given tempe- 
rature, therefore, the solubility will have a perfectly definite value. 

Since in almost all cases the solubility is determined in 
open vessels, we shall in the following discussion consider that 
the vapour phase is absent, and that the system is under a 
constant pressure, that of the atmosphere. With this restriction, 
therefore, four phases will constitute an invariant system, three 
phases an univariant, and two phases a bivariant system. 

It has already been learned that in the case of sodium 
sulphate and water, the solubility curve of the salt undergoes 
a sudden change in direction at the transition point, and that 
this is accompanied by a change in the solid phase in equi- 
librium with the solution. The same behaviour is also found 
' Zeitschr. physikal. Chem., 1887, 1. 227. 
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in the case of double salts. To illustrate this, we shall briefly 
discuss the solubility relations of a few double salts, beginning 
with one of the simplest cases, that of the formation of rubidium 
racemate from d- and /-rubidium tartrates. The solubilities 
are represented diagrammatically in Fig. 95, the numerical 
data being contained in the following table, in which the 
solubility is expressed as the number of gram-molecules 
RbaCiHjOs in 100 gm.-molecules of water.^ 



Temperature. 



Solubility of tartrate 
mixture. 



Solubility of racemate. 



^5; 


13-03 


10-91 


35° 




12-63 


40-4" 


— 


13-48 


40-7° 


13-46 


— 


54° 


13-83 


— 



In Fig. 95 the curve AB represents the solubility of the 
racemate, while A'BC represents the solubility of the mixed 
tartrates. Below the transi- 
tion point, therefore, the solu- 1 
bility of the racemate is less 
than that of the mixed tar- 
trates. The solution, satu- .f' 
rated with respect to the I 
latter, will be supersaturated "§1 
with respect to the racemate ; 
and if a nucleus of this is 
present, racemate will be de- 
posited, and the mixed tar- 
trates, if present in equi- 
molecular amounts, will 
ultimately entirely disappear, 
and only racemate will be left as solid phase. The solution 
will then have the composition represented by a point on the 
curve AB. Conversely, above the transition point, the saturated 
solution of the racemate would be supersaturated with respect 




26 30 34 38 42 46 50 54 58 

Fig. 95. 



Van't Hoff and Miiller, Ber., l8 



31. 2206. 
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to the two tartrates, and transformation into the latter would 
ensue. If, therefore, a solution of equimolecular proportions 
of d- and /-rubidium tartrates is allowed to evaporate at a 
temperature above 40°, a mixture of the two tartrates will be 
deposited ; while at temperatures below 40° the racemate will 
separate out. 

Similar relationships are met with in the case of d- and 
/-sodium ammonium tartrate and sodium ammonium racemate ; 
but in this case the racemate is the stable form in contact with 
solution above the transition point (27°).^ Below the tran- 
sition point, therefore, the solubility curve of the mixed tartrates 
will lie below the solubility curve of the racemate. Below the 
transition point, therefore, sodium ammonium racemate will 
break up in contact with solution into a mixture of d- and 
/-sodium ammonium tartrates. At a higher temperature, 35°, 
sodium ammonium racemate undergoes decomposition into 
sodium racemate and ammonium racemate.^ 

The behaviour of sodium ammonium racemate is of interest 
from the fact that it was the first racemic substance to be 
resolved into its optically active forms by a process of crystal- 
lization. On neutralizing a solution of racemic tartaric acid, 
half with soda and half with ammonia, and allowing the solution 
to evaporate, Pasteur^ obtained a mixture of d- and /-sodium 
ammonium tartrates. Since Pasteur was unaware of the exist- 
ence of a transition point, the success of his experiment was 
due to the happy chance that he allowed the solution to evapo- 
rate at a temperature below 27°; for had he employed a 
temperature above this, separation of the racemate into the 
two enantiomorphous forms would not have occurred. For 
this reason the attempt of Staedel to perform the same reso- 
lution met only with failure.* 

Decomposition of the Double Salt by Water. — In the two 

' Van't Hoff and van Deventer, Zeitschr. physikal. C/tcm., 1887, 1. 
165. 

^ For a full discussion of the solubility relations of sodium ammonium 
racemate, see van't Hoff, Bildung und Spaltung von Doppelsakat, p. Si. 

' Annates chim. fhys., 1848 [3], 24. 442. 

* See Van't Hoff and van Deventer, Zeitschr. physikal. Clicm., 1887, 
1 165. 
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cases just described, the solubility relationships at the transition 
point are of a simpler character than in the case of most double 
salts. If, at a temperature above the transition point, a mixture 
of d- and /-rubidium tartrates in equimolecular proportions is 
brought in contact with water a solution will be obtained, which 
is saturated with respect to both enantiomorphous forms ; and 
since the solubility of the two optical antipodes is identical, 
and the effect of one on the solubility of the other also the 
same, the solution will contain equimolecular amounts of the 
d- and /-salt. If, now, the solution is cooled down in contact 
with the solid salts to just below the transition point, it becomes 
supersaturated with respect to the racemate, and this will be 
deposited. The solution thereby becomes unsaturated with 
respect to the mixture of the active salts, and these must there- 
fore pass into solution. As the latter are equally soluble, equal 
amounts of each will dissolve, and a further quantity of the 
racemate will be deposited. These processes of solution and 
deposition will continue until the single tartrates have com- 
pletely disappeared, and only racemate is left as solid phase. 
As a consequence of the identical solubility of the two tartrates, 
therefore, no excess of either form will be left on passing 
through the transition point. From this it will be evident that 
the racemate can exist as single solid phase in Contact with its 
saturated solution at the transition point ; or, in other words, 
the racemate is not decomposed by water at the transition 
point. The same behaviour will evidently be exhibited by 
sodium ammonium racemate at 27°, for the two enantiomor- 
phous sodium ammonium tartrates have also identical solubility. 
Very different, however, is the behaviour of, say, astracanite, 
or of the majority of double salts ; for the solubihty of the 
constituent salts is now no longer the same. If, for example^ 
excess of a mixture of sodium sulphate and magnesium sulphate, 
in equimolecular proportions, is brought in contact with water 
below the transition point (22°), more magnesium sulphate than 
sodium sulphate will dissolve, the solubility of these two salts in a 
common solution being given by the following figures, which ex- 
press number of molecules of the salt in 100 molecules of water.-' 
' Meyerhoffer, Zeitschr. physikal, Chem., 1890, 6. 121. 
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Composition of Solutions saturated with respect to 
NaoSOj.ioHoO and MgSOj.yH^O. 



Temperature. 



i8-5 

24-5'- 



Na2S04 



2'l6 

3 '43 



MgSOj 



4'57 
4-68 



At the transition point, then, it is evident that the solution 
contains more magnesium sulphate than sodium sulphate ; and 
this must still be the case when astracanite, which contains 
sodium sulphate and magnesium sulphate in equimolecular 
proportions, separates out. If, therefore, the temperature is 
raised slightly above the transition point, magnesium sulphate 
and sodium sulphate will pass into solution, the former, how- 
ever, in larger quantities than the latter, and astracanite will be 
deposited ; and this will go on until all the magnesium sulphate 
has disappeared, and a mixture of astracanite and sodium sul- 
phate decahydrate is left as solid phases. Since there are now 
three phases present, the system is univariant (by reason of the 
restriction previously made that the vapour phase is absent), 
and at a given temperature the solution will have a definite 
composition ; as given in the following table : — 

Composition of Solution saturated with respect to 
Na,Mg(S04)2,4H,0 and Na,S04,ioH,,0. 



Temperature. 



22 
24'5" 



NaaSO-i 



2-95 
3-45 



MgS04. 



470 
3-62 



From the above figures, therefore, it will be seen that at a 
temperature just above the transition point a solution in con- 
tact with the two solid phases, astracanite and Glauber's salt, 
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contains a relatively smaller amount of sodium sulphate than a 
pure solution of astracanite would ; for in this case there would 
be equal molecular amounts of Na^SOj and MgSOj. A solu- 
tion which is saturated with respect to astracanite alone, will 
contain more sodium sulphate than the solution saturated with 
respect to astracanite plus Glauber's salt, and the latter will 
therefore be deposited. From this, therefore, it is clear that 
if astracanite is brought in contact with water at about the 
transition point, it will undergo decomposition with separation 
of Glauber's salt (supersaturation being excluded). 

This will perhaps be made clearer by considering Fig. 96. 
In this diagram the ordinates represent the ratio of sodium 




Fig. 96. 



sulphate to magnesium sulphate in the solutions, and the 
abscissae represent the temperatures. The line AB represents 
solutions saturated with respect to a mixture of the single 
salts (p. 260) ; BC refers to solutions in equilibrium with 
astracanite and magnesium sulphate ; while BX represents the 
composition of solutions in contact with the solid phases 
astracanite and Glauber's salt. The values of the solubility 
are contained in the following table, and in that on p. 260, and 
are, as before, expressed in gm.-molecules of salt in 100 gm.- 
molecules of water. ^ 

' Roozeboom, Zeitschr. physikal. Chem., 1888, 2. 518. 
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, ^ -1 , J- 1 u . Astmcanite + magnesium 

' Astracanife + sodium sulphate. sulphate. 

Temperature. I . 

NaaSO,. MgSO-i. I Na.SOj. I MgSOj. 



i8-s° , — — I 3-41 I 4-27 

22° 2-95 470 j 2-85 I 4"63 

24-5° ; 3'45 ! 3'62 I 2-68 I 4-76 

30" I 4'58 2-91 I 2-30 i 5-31 

35° ' 4-30 276 173 5-88 



At the transition point the ratio of sodium sulphate to 
magnesium sulphate is approximately i : i'6. In the case of 
solutions saturated with respect to both astracanite and Glauber's 
salt, the relative amount of sodium sulphate increases as the 
temperature rises, while in the solutions saturated for astracanite 
and magnesium sulphate, the ratio of sodium sulphate to 
magnesium sulphate decreases. 

If, now, we consider only the temperatures above the 
transition point, we see from the figure that solutions represented 
by points above the Hne BX contain relatively more sodium 
sulphate than solutions in contact with astracanite and Glauber's 
salt ; and solutions lying below the line BC contain relatively 
more magnesium sulphate than solutions saturated with this 
salt and astracanite. These solutions will therefore not be 
stable, but will deposit in the one case, astracanite and Glauber's 
salt, and in the other case, astracanite and magnesium sulphate, 
until a point on BX or BC is reached. iVll solutions, however, 
lying to the right of CBX, will be unsaturated with respect to 
these two pairs of salts, and only the solutions represented by 
the line XY (and which contain equimolecular amounts of 
sodium and magnesium sulphates) will be saturated with 
respect to the pure double salt. 

Transition Interval. — Fig. 96 will also render intelligible 
a point of great importance in connection with astracanite, 
and of double salts generally. At temperatures between those 
represented by the points B and X, the double salt when 
brought in contact with water will be decomposed with separa- 
tion of sodium sulphate. Above the temperature of the point 
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X, however, the solution of the pure double salt is stable, for 
it is unsaturated with respect to double salt along with either 
of the single salts. At temperatures, then, above that at which 
the solution in contact with the double salt and the less soluble 
single salt, contains the single salts in the ratio in which they 
are present in the double salt, solution of the latter will take 
place without decomposition. The range of temperature between 
that at which double salt can begin to be formed {the transition 
point) and that at which it ceases to be decomposed by water is 
called the transition interval} If the two single salts have 
identical solubility at the transition point, the transition interval 
diminishes to nought. 

In those cases where the double salt is the stable form below 
the transition point, the transition interval will extend down- 
wards to a lower temperature. Fig. 96 will then have the 
reverse form. 

Summary. — With regard to double salts we have learned 
that their formation from and their decomposition into the 
single salts, is connected with a definite temperature, the 
transition temperature. At this transition temperature two 
vapour pressure curves cut, viz. a curve of dehydration of a 
mixture of the single salts and the solubiHty curve of the double 
salt; or the dehydration curve of the double salt and the 
solubiHty curve of the mixed single salts. The solubility 
curves, also, of these two systems intersect at the transition 
point, but although the formation of the double salt commences 
at the transition point, complete stability in contact with water 
may not be attained till some temperature above (or below) 
that point. Only when the temperature is beyond the transition 
interval, will a double salt dissolve in water without decomposition 
(e.g. the alums). 

' Meyerhoffer, Zeilschr. physikal. Chem., 1890, 5. 109. 



CHAPTER XVI 

ISOTHERMAL CURVES AND THE SPACE MODEL 

In the preceding chapter we considered the changes in the 
solubility of double salts and of mixtures of their constituent 
salts with the temperature; noting, more especially, the re- 
lationships between the two systems at the transition point. It 
is now proposed to conclude the study of the three-component 
systems by discussing very briefly the solubility relations at 
constant temperature, or the isothermal solubility curves. In 
this way fresh light will be thrown on the change in the 
solubility of one component by the addition of another com- 
ponent, and also on the conditions of formation and stable 
existence of double salts in solution. With the help of these 
isothermal curves, also, the phenomena of crystallization at 
constant temperature — phenomena which have not only a 
scientific interest but also an important bearing on the industrial 
preparation of double salts — will be more clearly understood.^ 

A brief description will also be given of the method of 
representing the variation of the concentration of the two salts 
in the solution with the temperature. 

Non-formation of Double Salts. — In Fig. 97 are shown the 
solubility curves of two salts, A and B, which at the given 
temperature do not form a double salt.^ The ordinates repre- 
sent the amount of A, the abscissae the amount of B in a 
cotistaiit amount of the third component, the solvent. The 

' In connection with this chapter, see, more especially, van't Hoff, 
Bildnng und Spaltutig von Doppelsaheji, p. 3, ff. ; Roozeboom, Zcitschr. 
fhysikal Cheiit., 1892, 10. 158 ; Bancroft, Phase Rule, p. 201 ; 209. 

^ The same restriction must be made here as was imposed in the pre- 
ceding chapter, namely, that the two salts in solution give a common ion. 
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point A, therefore, represents the solubility of the salt A at the 
given temperature; and similarly, 
point B represents the solubility of 
B. Since we are dealing with a 
three-component system, one solid 
phase in contact with solution will 
constitute a bivariant system (in 
the absence of the vapour phase 
and under a constant pressure. At 
any given temperature, therefore, 
the concentration of the solution 
in equilibrium with the solid can undergo change. If, now, to 
a pure solution of A a small quantity of B is added, the solu- 
bility of A will in general be altered ; as a rule it is diminished, 
but sometimes it is increased.' The curve AC represents 
the varying composition of the solution in equilibrium with the 
solid component A. Similarly, the curve BC represents the 
composition of the solutions in contact with pure B as solid 
phase. At the point, C, where these two curves intersect, 
there are two solid phases, viz. pure A and pure B, in equi- 
librium with solution, and the system becomes invariant. At 
this point the solution is saturated with respect to both A 
and B, and at a given temperature must have a perfectly definite 
composition. To take an example, if we suppose A to represent 
sodium sulphate decahydrate, and B, magnesium sulphate 
heptahydrate, and the temperature to be iS's" {i.e. below the 
transition point), the point C would represent a solution con- 
taining 2-i6 gm.-molecules Na2S04 and 4'57 gm.-molecules 
MgSOj per 100 gm.-molecules of water (p. 260). The curve 
ACB is the boundary curve for saturated solutions ; solutions 
lying outside this curve are supersaturated, those lying within 
the area ACBO, are unsaturated. 

Formation of Double Salt. — We have already learned in 
the preceding chapter that if the temperature is outside ■' the 

' For example, addition of ammonium chloride to solutions of ferric 
chloride (Roozeboom, Zeitschr. physikal. Chem., 1892, 10. 149). 

'^ It must, of course, be understood that the temperature is on that side 
of the transition point on which the double salt is stable. 
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transition interval, it is possible to prepare a pure saturated 
solution of the double salt. If, now, we suppose the double 
salt to contain the two constituent salts in equimolecular pro- 
portions, its saturated solution must be represented by a point 
lying on the line which bisects the angle AOB ; e.g. point D, 
Fig. 98. But a double salt constitutes only a single phase, and 
can exist, therefore, in contact with solutions of varying con- 
centration, as represented by EDF. 

Let us compare, now, the relations between the solubiMty 
curve for the double salt, and those for the two constituent 
salts. ^Ve shall suppose that the double salt is formed from- 
the single salts when the temperature is raised above a certain 
point (as in the formation of astracanite). At a temperature 





Fig. 99. 



below the transition point, as we have already seen, the solu- 
bihty of the double salt is greater than that of a mixture of 
the single salts. The curve EDF, therefore, must lie above 
the point C, in the region representing solutions supersaturated 
with respect to the single salts (Fig. 99). Such a solution, 
however, would be metastable, and on being brought in con- 
tact with the single salts would deposit these and yield a solution 
represented by the point C. At this particular temperature, 
therefore, the isothermal solubility curve will consist of only 
two branches. 

Suppose, now, that the temperature is that of the transition 
point. At this point, the double salt can exist together with 
the single salts in contact with solution. The solubility curve 
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of the double salt must, therefore, pass through the point C, 
as shown in Fig. 100. 

From this figure, now, it is seen that a solution saturated 
with respect to double salt alone (point D), is supersaturated 
with respect to the component A. 
If, then, at the temperature of the 
transition point, excess of the double 
salt is brought in contact with water,' 
and if supersaturation is excluded, 
the dotible salt will undergo decompo- 
sition and the component A will be 
deposited. The relative concentration 
of the component B in the solution 
will, therefore, increase, and the com- 
position of the solution will be thereby 

altered in the direction DC. When the solution has the com- 
position of C, the single salt ceases to be deposited, for at this 
point the solution is saturated for both double and single salt ; 
and the system becomes invariant. 

This diagram explains very clearly the phenomenon of the 
decomposition of a double salt at the transition point. As is 
evident, this decomposition will occur when the solution which 
is saturated at the temperature of the transition point, with 
respect to the two single salts (point C), does not contain these 
salts in the same ratio in which they are present in the double 
salt. If point C lay on the dotted line bisecting the right 
angle, then the pure saturated solution of the double salt would 
not be supersaturated with respect to either of the single salts, 
and the double salt would, therefore, not be decomposed by 
water. As has already been mentioned, this behaviour is found 
in the case of optically active isomerides, the solubilities of 
which are identical. 

At the transition point, therefore, the isothermal curve also 
consists of two branches ; but the point of intersection of the 
two branches now represents a solution which is saturated not 

' Excess of the double salt must be taken, because otherwise an "un- 
saturated solution might be formed, and this would, of course, not deposit 
any salt. 
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as before, the relative shifting of the solubility curves becomes 
more marked, as shown in Fig. 102. At the temperature of 
this isothermal, the solution satu- 
rated for the double salt now lies 
in a region of distinct unsaturation 
with respect to the single salts ; 
and the double salt can now exist 
as solid phase in contact with so- 
lutions containing both relatively- 
more of A (curve ED), and rela- 
tively more of B (curve DF), than is 
contained in the double salt itself. '^^^- '°^- 

Transition Interval.— From what has been said, and from 
an examination of the isothermal diagrams. Figs. 99-102, it 
will be seen that by a variation of the temperature we can 
pass from a condition where the double salt is quite incapable 
of existing in contact with solution (supersaturation being ex- 
cluded), to a condition where the existence of the double salt 
in presence of solution becomes possible ; only in the presence, 
however, of one of the single salts (transition point, Fig. 100). 
A further change of temperature leads to a condition where the 
stable existence of the pure double salt in contact with solution 
just becomes possible (Fig. loi); and from this point onwards, 
pure saturated solutions of the double salt can be obtained 
(Fig. 102). At any temperature, therefore, between that repre- 
sented by Fig. roo, and that represented by Fig. loi, tJie double 
salt undergoes partial decomposition, with deposition of one of the 
constittient salts. The temperature range between the transition 
point and the temperature at which a stable saturated solution 
of the pure double salt just begins to be possible, is known as 
the transition interval (p. 262). As the figures show, the transi- 
tion interval is limited on the one side by the transition tempe- 
rature, and on the other by the temperature at which the 
solution saturated for double salt and the less soluble of the 
single salts, contains the component salts in the same ratio as 
they are present in the double salt. The greater the difference 
in the solubility of the single salts, the larger will be the 
transition interval. 
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Isothermal Evaporation. — The isothermal solubility curves 
are of great importance for obtaining an insight into the 
behaviour of a solution when subjected to isothermal evapora- 
tion. To simplify the discussion of the relationships found 
here, we shall still suppose that the double salt contains the 
single salts in equimolecular proportions ; and we shall, in the 
first instance, suppose that the unsaturated solution with which 
we commence, also contains the single salts in the same ratio. 
The composition of the solution must, therefore, be represented 
by some point lying on the line OD, the bisectrix of the right 
angle. 

If an unsaturated solution of the two single salts in equi- 
molecular proportion {e.g. point x. Fig. 103) is evaporated at 
a temperature at which the formation of double salt is im- 





possible, the component A, the solubility curve of which is 
cut by the line OD, will first separate out; the solution will 
thereby become richer in B. On continued evaporation, more 
A will be deposited, and the composition of the solution will 
change until it attains the composition represented by the point 
C, when both A and B will be deposited, and the composition 
of the solution will remain unchanged. The result of evapora- 
tion will therefore be a mixture of the two components. 

If the formation of double salt is possible, but if the tempe- 
rature lies within the transition interval, the relations will be 
represented by a diagram like Fig. 104. Isothermal evapora- 
tion of the solution X will lead to the deposition of the com- 
ponent A, and the composition of the solution will alter in the 
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direction DE ; at the latter point the double salt will be formed, 
and the composition of the solution will remain unchanged so 
long as the two solid phases are present. As can be seen from 
the diagram, however, the solution in E contains less of com- 
ponent A than is contained in the double salt. Deposition of 
the double salt at E, therefore, would lead to a relative decrease 
in the concentration of A in the solution, and to counterbalance 
this, the salt which separated out at the commejicement must re- 
dissolve. 

Since the salts were originally present in equimolecular 
proportions, the final result of evaporation will be the pure 
double salt. If when the solution has reached the point E 
the salt A which had separated out is removed, double salt 
only will be left as solid phase. At a given temperature, how- 
ever, a single solid phase can exist in equilibrium with solutions 
of different composition. If, therefore, isothermal evaporation 
is continued after the removal of the salt A, double salt will be 
deposited, and the composition of the solution will change in 
the direction EF. At the point F the salt B will separate out, 
and on evaporation both double salt and the salt B will be 
deposited. In the former case (when the salt A disappears 
on evaporation) we are dealing with an incongruently saturated 
solution ; but in the latter case, where both solid phases con- 
tinue to be deposited, the solution is said to be congruently 
saturated} 

A " congruently saturated solution " is one from which the 
solid phases are continuously de- 
posited during isothermal evapora- 
tion to dryness, whereas in the case 
of " incongruently saturated solu- 
tions," at least one of the solid phases 
disappears during the process of eva- 
poration. 

Lastly, if the temperature lies out- 
side the transition interval, isothermal ^ Fig. 105. 
evaporation of an unsaturated solu- 
tion of the composition X (Fig. 105) will lead to the deposition 
' Meyerhoffer, Ber., 1897, 30. igog. 
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of pure double salt from beginning to end. If a solution of the 
composition Y is evaporated, the component A will first be 
deposited and the composition of the solution will alter in the 
direction of E, at which point double salt will separate out. 
Since the solution at this point contains relatively more of A 
than is present in the double salt, both the double salt and the 
single salt A will be deposited on continued evaporation, in 
order that the composition of the solution shall remain un- 
changed. In the case of solution Z, first component B and 
afterwards the double salt will be deposited. The result will, 
therefore, be a mixture of double salt and the salt B (congruently 
saturated solutions). 

Crystallization of Double Salt from Solutions containing 
Excess of one Component. — One more case of isothermal 
crystallization may be discussed. It is well known that a 
double salt which is decomposed by pure water can neverthe- 
less be obtained pure by crystallization from a solution contain- 
ing excess of one of the single salts (e.g. in the case of carnalhte). 
Since the double salt is partially decomposed by water, the 
temperature of the experiment must be within the transition 
interval, and the relations will, therefore, be represented by a 
diagram like Fig. 104. If, now, instead of starting with an 
unsaturated solution containing the single salts in equimole- 
cular proportions, we commence with one in which excess of 
one of the salts is present, as represented by the point Y, 
isothermal evaporation will cause the composition to alter in 
the direction YD', the relative amounts of the single salts 
remaining the same throughout. When the composition of 
the solution reaches the point D', pure double salt will be 
deposited. The separation of double salt will, however, cause 
a relative decrease in the concentration of the salt A, and the 
composition of the solution will, therefore, alter in the direction 
D'F. If the evaporation is discontinued before the solution 
has attained the composition F, only double salt will have 
separated out. Even within the transition interval, therefore, 
pure double salt can be obtained by crystallization, provided 
the original solution has a composition represented by a point 
lying between the two lines OE and OF. Since, as already 
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shown, the composition of the solution alters on evaporation 
in the direction EF, it will be best to employ a solution having 
a composition near to the line OE. 

Formation of Mixed Crystals. — If the two single salts A 
and B do not crystallize out pure from solution, but form an 
unbroken series of mixed crystals, it is evident that an invariant 
system cannot be produced. The solubility curve will therefore 
be continuous from A to B; the liquid solutions of varying 
composition being in equilibrium with solid solutions also of 
varying composition. If, however, the series of mixed crystals 
is not continuous, there will be a break in the solubility curve 
at which two solid solutions of different composition will be in 
equilibrium with liquid solution. This, of course, will constitute 
an invariant system, and the point will correspond to the point 
C in Fig. 103. A full discussion of these systems would, how- 
ever, lead us too far, and the above indication of the behaviour 
must sufifice.^ 

Application to the Characterization of Racemates. — The 
form of the isothermal solubility curves is also of great value 
for determining whether an inactive substance is a racemic 
compound or a conglomerate of equal proportions of the 
optical antipodes.^ 

As has already been pointed out, the formation of racemic 
compounds from the two enantiomorphous isomerides, is 
analogous to the formation of double salts. The isothermal 
solubility curves, also, have a similar form. In the case of the 
latter, indeed, the relationships are simplified by the fact that 
the two enantiomorphous forms have identical solubility, and 
the solubility curves are therefore symmetrical to the line bisect- 
ing the angle of the co-ordinates. Further, with the exception 
of the partially racemic compounds to be mentioned later, there 
is no transition interval. 

In Fig. 106, are given diagrammatically two isothermal 

' Bancroft, Phase Rule, p. 203 ; 'Roozehoom, Zeitschr. physikal. Chem., 
1891, 8. 504, 531 ; Stortenbeker, ibid., 1895, 17. 643 ; 1897, 22. 60 ; 
1900, 34. 108. 

* Roozeboom, Zeiischr. physikal. Chem., 1899, '38. 494 ; Per,, i8gg, 32. 
537- 

T 
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solubility curves for optically active substances. From what 
has been said in the immediately preceding pages, the figure 

ought really to explain itself. The 
upper isothermal acb represents 
the solubility relations when the 
formation of a racemic compound 
is excluded, as, e.g. in the case of 
d- and /-rubidium tartrates above 
the transition point (p. 257). The 
solution at the point c is, of course, 
inactive, and is unaffected by ad- 
ditio7i of cither the d- or 1- form. 

Concentration of d-form 

Pji, jQg The lower isothermal, on the other 

hand, would be obtained at a 
temperature at which the racemic compound could be formed. 
The curve a'e is the solubility curve for the /- form ; b'/, that 
for the d- form ; and edf, that for the racemic compound in 
presence of solutions of varying concentration. The point d 
corresponds to saturation for the pure racemic compound. 

From these curves now, it will be evident that it will be 
possible, in any given case, to decide whether or not an inactive 
body is a mixture or a racemic compound. For this purpose, 
two solubility determinations are made, first with the inactive 
material alone (in excess), and then with the inactive material 
plus excess of one of the optically active forms. If we are 
dealing with a mixture, the two solutions thus obtained will be 
identical ; both will have the composition corresponding to the 
point c, and will be inactive. If, however, the inactive material 
is a racemic compound, then two different solutions will be 
obtained ; namely, an inactive solution corresponding to the 
point d (Fig. 106), and an active solution corresponding either 
to (' or to /, according to which enantiomorphous form was 
added. 

Partially racemic compounds} In this case we are no 

As, for instance, strychnine racemate, a compound of racemic acid 
with the optically active strychnine. This would be resolved into strych- 
nine rf-tartrate and strychnine /-tartrate, which are not enantiomorphous 
forms. 
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longer dealing with enantiomorphous forms, and the solubility 

of the two oppositely active isomerides is no longer the same. 

The symmetry of the solubility 

curves therefore disappears, and a 

figure is obtained which is identical 

in its general form with that found 

in the case of ordinary double salts 

(Fig. 107). In this case there is a 

transition interval. 

The curves acb belong to a 
temperature at which the partially 
racemic compound cannot be 
formed ; a'dfU, to the temperature 
at which the compound just begins to be stable in contact with 
water, and d'ed'f'b" belongs to a temperature at which the 
partially racemic compound is quite stable in contact with 
water. Suppose now solubility determinations, made in the 
first case with the original material alone, and then with the 
original body plus each of the two compounds, formed from 
the enantiomorphous substances separately, then if the original 
body was a mixture, identical solutions will be obtained in all 
three cases (point c) ; if it was a partially racemic compound, 
three different solutions {e, d', and /') will be obtained if the 
temperature was outside the transition interval, and two solutions, 
d and/, if the temperature belonged to the transition interval. 



Concentration of d-form 

Fig. 107. 



Representation in Space. 

Space Model for Carnallite.— Interesting and important 
as the isothermal solubility curves are, they are insufficient for 
the purpose of obtaining a clear insight into the complete 
behaviour of the systems of two salts and water. A short 
description will, therefore, be given here of the representation in 
space of the solubility relations of potassium and magnesium 
chlorides, and of the double salt which they form, carnallite.' 



' Van't Hoff and Meyerhoffer, Zeitschr. physikal. Cfiem., 1898, 27. 75 ; 
1899, 30. 86. Fig. 108 is taken from the latter paper. 
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Fig. 108 is a diagrammatic sketch of the model for 
carnallite looked at sideways from above. Along the X-axis is 
measured the concentration of magnesium chloride in the 
solution ; along the Y-axis, the concentration of potassium 
chloride ; while along the T-axis is measured the temperature. 
The three axes are at right angles to one another. The 




Fig. 108. 



XT-plane, therefore, contains the solubility curve of magnesium 
chloride; the YT-plane, the solubility curve of potassium 
chloride, and in the space between the two planes, there are 
represented the composition of solutions containing both mat^- 
nesium and potassium chlorides. Any surface between the 
two planes will represent the various solutions in equilibrium 
with only one solid phase, and will therefore indicate the area 
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or field of existence of bivariant ternary systems. A line or 
curve formed by the intersection of two surfaces will represent 
solutions in equilibrium with two solid phases (viz. those 
belonging to the intersecting surfaces), and will show the 
conditions for the existence of univariant systems. Lastly, 
points formed by the intersection of three surfaces will repre- 
sent invariant systems, in which a solution can exist in equi- 
librium with three solid phases (viz. those belonging to the 
three surfaces). 

We shall first consider the solubility relations of the single 
salts. The complete equilibrium curve for magnesium chloride 
and water is represented in Fig. 108 by the series of curves 
ABFi Gi Hi Ji Li Nj. AB is the freezing-point curve of ice 
in contact with solutions containing magnesium chloride, and 
B is the cryohydric point at which the solid phases ice 
and MgCl2,i2H30 can co-exist with solution. BFG is the 
solubility curve of magnesium chloride dodecahydrate. This 
curve shows a point of maximum temperature at Fj, and ' a 
retroflex portion FiGj. The curve is therefore of the form 
exhibited by calcium chloride hexahydrate, or the hydrates of 
ferric chloride (Chapter VIII.). Gj is a transition point at 
which the solid phase changes from dodecahydrate to octa- 
hydrate, the solubility of which is represented by the curve 
OrHi. At Hi the octahydrate gives place to the hexahydrate, 
which is the solid phase in equilibrium with the solutions 
represented by the curve HJi. Ji and Lj are also transition 
points at which the solid phase undergoes change, in the former 
case from hexahydrate to tetrahydrate ; and in the latter 
case, from tetrahydrate to dihydrate. The complete curve of 
equilibrium for magnesium chloride and water is, therefore, 
somewhat complicated, and is a good example of the solu- 
bility curves obtained with salts capable of forming several 
hydrates. 

The solubility curve of potassium chloride is of the simplest 
form, consisting only of the two branches AC, the freezing- 
point curve of ice, and CO, the solubility curve of the salt. C 
is the cryohydric point. This point and the two curves lie in 
the YT-plane. 
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On passing to the ternary systems, the composition of the 
solutions must be represented by points or curves situated 
between the two planes. AVe shall now turn to the consideration 
of these. BD and CD are ternary eutectic curves (p. 276). 
They give the composition of solutions in equilibrium with ice 
and magnesium chloride dodecahydrate (BD), and with ice and 
potassium chloride (CD). D is a ternary cryohydric point. If 
the temperature is raised and the ice allowed to disappear, we 
shall pass to the solubility curve for MgCL,i2H20 + KCl 
(curve DE). At E carnallite is formed and the potassium 
chloride disappears; EFG is then the solubility curve for 
MgCl.,,i2H20 + carnallite (KMgClj.eHaO). This curve also 
shows a point of maximum temperature (F) and a retroflex 
portion. GH and HJ represent the solubility curves of 
carnallite + MgCl^SH^O and carnallite + MgCla.eHaO, G and 
H being transition points. JK is the solubility curve for 
carnallite + MgCl2,4H.jO. At the point K we have the 
highest temperature at which carnallite can exist with magnesium 
chloride i7i contact with solution. Above this temperature 
decomposition takes place and potassium chloride separates 
out. 

If at the point E, at which the two single salts and the 
double salt are present, excess of potassium chloride is added, 
the magnesium chloride will all disappear owing to the forma- 
tion of carnaUite, and there will be left carnallite and potassium 
chloride. The solubility curve for a mixture of these two salts 
is represented by EMK ; a simple curve exhibiting, how- 
ever, a temperature maximum at M. This maximum point 
corresponds with the fact that dry carnallite melts at this 
temperature with separation of potassium chloride. At all 
temperatures above this point, tlie formation of double salt is 
impossible. The retroflex portion of the curve represents 
solutions in equiUbrium with carnallite and potassium chloride, 
but in which the ratio MgCL : H2O is greater than in the 
double salt. 

Throughout its whole course, the curve EMK represents 
solutions in which the ratio of MgCl^ : KCl is greater than in the 
double salt. As this is a point of some importance, it will be 
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well, perhaps, to make it clearer by giving one of the isothermal 
curves, e.g. the curve for 10°, which is 
represented diagrammatically in Fig. 109. 
E and F here represent solutions satu- 
rated for carnallite plus magnesium 
chloride hydrate, and for carnallite plus 
potassium chloride. As is evident, the 
point F lies above the line representing 
equimolecular proportions of the salts 
(OD). 

Summary and Numerical Data. — We 
may now sum up the different systems 
which can be formed, and give the numerical data from which 
the model is constructed.' 




I. Bivariant Systems. 



Solid phase. 



Ice 
KCl 
Camallile 
MgClj,l2H20 
MgCl2,8H20 
MgCl^eHjO 
MgCl2.4H20 
Mga2,2HjO 



Area of existence. 



ABDC 

CDEMKLNO 

EFGHJKM 

BF.GiGFED 

G,H,HG 

H,1,IH 

I,LjLKI 

LjNjNL 



II. Univariant Systems. — The different univariant systems 
have already been described. The course of the curves will 
be sufficiently indicated if the temperature and composition of 
the solutions for the different invariant systems are given. 

' Solid models constructed of plaster of Paris can be obtained from 
Max Kaehler and Martini, Berlin. 
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III. — Invaria?if Systems — Binary and Ternary. 



Point. ! Solid phases. 



A 
B 

c 

D 
E 
F, 
F 

G, 



H, 
H 

J. 
J 

K 

L, 

L 

M 
[N, 
N 
[O 



Ice 

Ice; MgCl„,I2H.,0 

Ice ; KCl 

Ice; MgCl„I2H„0; KCl 

MgCl„,i2H„0; KCl; 1 

carnallite J 

MgCU,i2H„0 

I MgCU,I2H„0; carnallite 

'( MgCl-.,i2H„0; 

|\ MgCl.,,8H„0 

/ MgCU,i2H,0; MgCL, 
' SH,0 ; carnallite 

MgCL,8H,0 ; MgCU, 
6H„0 

MgClj.SHjO ; 
MgCl'j.eHjO ; carnallite 

MgCU.eHjO ; 
MgCf2,4H20 
MgC]j,6H„0 ; 
MgCl„,4HjO ; carnallite 
;( MgCl2,4H„0; KCl; 
\ carnallite 

1/ MgCU,4H20 ; 

|\ MgCl„2H,0 

J MgCl2,4HjO ; 

\\ MgCl2,2HjO ; KCl 
Carnallite; KCl 
MgCl2,2H20 
MgCl2,2HjO ; KCl 
I KCl 



Tempera- 
ture. 



-33'6" 

— Ifl" 

-34-3° 

— 2l" 

-i6-4° 
-i6-6° 

-i6-8' 
-i6-9° 

-3 '4^ 
ca.-3-4° 

116-67' 

115-7" 
i52'5° 
181° 

176° 

167-5- 
186° 
186° 
186° 



Composition of solution. Gram- 
molecules of salt per 1000 gram- 
mol. water. 



49-2 MgClj 

59-4 KCl 

43 MgCl, ; 3 KCl 

66-1 MgCL; 4-9 KCl 

83-33 MgCl, 
fAhnost same as F ; con- 
\ tains small amount of KCl 

87-5 MgCl, 

Almost same as G„ but 
contains small quantity 
of KCl 

99 MgCl, 

Almost same as H„ but 
contains small amount of 
KCl 

i6i-8MgCl2 

162 MgClj ; 4 KCl 

200 MgClj ; 24 KCl 

238-1 MgCl^ 

240 MgCIj ; 41 KCl 

166-7 MgClj; 41-7 KCl 

ca. 241 MgCl^] 

240 MgClj ; 63 KCl 

195-6 KCl] 



With the help of the data in the preceding table and of the 
solid model it will be possible to state in any given case what 
will be the behaviour of a system composed of magnesium 
chloride, potassium chloride and water. One or two different 
cases will be very briefly described ; and the reader should 
have no difficulty in working out the behaviour under other 
conditions with the help of the model and the numerical data 
just given. 
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In the first place it may be again noted that at a tempe- 
rature above 167-5° (point M) carnallite cannot exist. If, 
therefore, a solution of magnesium and potassium chlorides is 
evaporated at a temperature above this point, the result will be 
a mixture of potassium chloride and either magnesium chloride 
tetrahydrate or magnesium chloride dihydrate, according as 
the temperature is below or above 176°. The isothermal curve 
here consists of only two branches. 

Further, reference has already been made to the fact that 
all points of the carnallite area correspond to solutions in 
equilibrium with carnallite, but in which the ratio of MgCla 
to KCl is greater than in the double salt. A solution which 
is saturated with respect to double salt alone will be super- 
saturated with respect to potassium chloride. At all tempe- 
ratures, therefore, carnallite is decomposed by water with 
separation of potassium chloride ; hence all solutions obtained 
by adding excess of carnallite to water will lie on the curve 
EM. A pure satH7-ated sohttion of carnallite cannot be obtained. 

If an unsaturated solution of the two salts in equimolecular 
amounts is evaporated, potassium chloride will first be deposited, 
because the plane bisecting the right angle formed by the 
X and Y axes cuts the area for that salt. Deposition of 
potassium chloride will lead to a relative increase in the con- 
centration of magnesium chloride in the solution ; and on 
continued evaporation a point (on the curve EM) will be 
reached at which carnallite will separate out. So long as the 
two solid phases are present, the composition of the solution 
must remain unchanged. Since the separation of carnallite 
causes a decrease in the relative concentration of the potassium 
chloride in the solution, the portion of this salt which was 
deposited at the commencement must rcdissolve, and carnallite 
will be left on evaporating to dryness. {Incongrnently saturated 
solution^ 

Although carnallite is decomposed by pure water, it will be 
possible to crystallize it from a solution having a composition 
represented by any point in the carnallite area. Since during 
the separation of the double salt the relative amount of 
magnesium chloride increases, it is most advantageous to 
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commence with a solution the composition of which is repre- 
sented by a point lying just above the curve EM (cf. p. 272). 

From the above description of the behaviour of carnallite 
in solution, the processes usually employed for obtaining 
potassium chloride will be readily intelligible.' 

' Instead of the present method of obtaining potassium chloride by 
decomposing carnallite with water, advantage might be taken of the fact 
that carnallite when heated to 168° undergoes decomposition with sepa- 
ration of three-fourths of the potassium chloride (van't Hoff, Acht 
Vorirdge ilber physikalische Chemie 1902, p. 32). 



CHAPTER XVII 

SYSTEMS OF FOUR COMPONENTS 

In the systems which have so far been studied, we have met 
with cases where two or three components could enter into 
combination ; but in no case did we find double decomposition 
occurring. The reason of this is that in the systems previously 
studied, in which double decomposition might have been 
possible, namely in those systems in which two salts acted as 
components, the restriction was imposed that either the basic 
or the acid constituent of these salts must be the same ; a 
restriction imposed, indeed, for the very purpose of excluding 
double decomposition. Now, however, we shall allow this 
restriction to fall, thereby extending the range of study. 

Hitherto, in connection with four-component systems, the 
attention has been directed solely to the study of aqueous 
solutions of salts, and more especially of the salts which occur 
in sea-water, i.e. chiefly, the sulphates and chlorides of mag- 
nesium, potassium, and sodium. The importance of these 
investigations will be recognized when one recollects that by 
the evaporation of sea-water there have been formed the 
enormous salt-beds at Stassfurt, which constitute at present the 
chief source of the sulphates and chlorides of magnesium and 
potassium. The investigations, therefore, are not only of 
great geological interest as tending to elucidate the conditions 
under which these salt-beds have been formed, but are of no 
less importance for the industrial working of the deposits. 

It is, however, not the intention to enter here into any 
detailed description of the different systems which have so far 
been studied, and of the sometimes very complex relationships 
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met with, but merely to refer briefly to some points of more 
general import in connection with these systems/ 

Reciprocal Salt-Pairs. Choice of Components. — When 
two salts undergo double decomposition, the interaction can be 
expressed by an equation such as 

NHjCl + NaNOs = NaCl + NH.NO, 

Since one pair of salts — NaCl + NHjNOs — is formed from the 
other pair — NHjCl + NaNOs — by double decomposition, the 
two pairs of salts are known as reciprocal salt-fairs? It is with 
systems in which the component salts form reciprocal salt-pairs 
that we have to deal here. 

It must be noted, however, that the four salts formed by 
two reciprocal salt-pairs do not constitute a system of four, but 
only of three components. This will be understood if it is 
recalled that only so many constituents are taken as compo- 
nents as are necessary to express the composition of all the 
phases present (p. iz)^ It will be seen, now, that the compo- 
sition of each of the four salts which can be present together 
can be expressed in terms of three of them. Thus, for example, 
in the case of NHjCl, NaNOj, NH4NO3, NaCl, we can express 
the composition of NH^Cl by NHjNO:, -|- NaCl - NaNO;.; 
or of NaNO, by NH.NOj -|- NaCl - NH.Cl. In all these 
cases it will be seen that negative quantities of one of the 
components must be employed ; but that we have seen to be 
quite permissible (p. 12). The immber of components is, 
therefore, three ; but any three of the four salts can be chosen. 

Since, then, two reciprocal salt-pairs constitute only three 

' A very useful summary of the investigations carried out by van't 
Iloff and his pupils on the formation of the Stassfurt salt-beds is given by 
E. F. Avmstrong, in the Reports of the British Association for 1901, p. 
262. 

- See especial!)' Meyerhoffer, Sit:iuiigsbcr. Jl'ie/i. Akaii., 1S95, 101, 
II. /', S40 ; Meyerhoffer and Saunders, Zcitschr. physil;a!. Cheiii., 1899, 28. 
453 ; 31. 370. The investigation of the equilibria between reciprocal salt- 
pairs alone (three-component systems) is of great importance for the arti- 
ficial preparation of minerals, as also in analytical chemistry for the proper 
understanding of the methods of conversion of insoluble systems into 
soluble by fusion (see Meyerhoffer, Zeitschr. pliysikal. C/ieiii., 1901, 38. 
307)- 
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components or independently variable constituents, another 
component is necessary in order to obtain a four-component 
system. As such, we shall choose water. 

Transition Point. — In the case of the formation of double 
salts from two single salts, we saw that there was a point — the 
quintuple point — at which five phases could coexist. This point 
we also saw to be a transition point, on one side of which the 
double salt, on the other side the two single salts in contact 
with solution, were found to be the stable system. A similar 
behaviour is found in the case of reciprocal salt-pairs. The 
four-component system, two reciprocal salt-pairs and water, can 
give rise to an invariant system in which the six phases, four 
salts, solution, vapour, can coexist ; the temperature at which 
this is possible constitutes a sextuple point. Now, this sex- 
tuple point is also a transition point, on the one side of which 
the one salt-pair, on the other side the reciprocal salt-pair, is 
stable in contact with solution. 

The sextuple point is the point of intersection of the curves 
of six univariant systems, viz. four solubility curves with three 
solid phases each, a vapour-pressure curve for the system : two 
reciprocal salt-pairs — vapour; and a transition curve for the 
condensed system : two reciprocal salt-pairs — solution. If we 
omit the vapour phase and work under atmospheric pressure 
(in open vessels), we find that the transition point is the point 
of intersection of four solubility curves. 

Just as in the case of three-component systems we saw that 
the presence of one of the single salts along with the double 
salt was necessary in order to give a univariant system, so in 
the four-component systems the presence of a third salt is 
necessary as solid phase along with one of the salt-pairs. In 
the case of the reciprocal salt-pairs mentioned above, the transi- 
tion point would be the point of intersection of the solubility 
curves of the systems with the following groups of salts as solid 
phases : Below the transition point : NH4CI -f NaNOa + NaCl ; 
NH4CI + NaNOj 4- NH4NO3 ; above the transition point : 
NaCl-f NH4NO3 + NaNOj ; NaCl -f- NHjNO^ -1- NH4CI. From 
this we see that the two salts NH4CI and NaNOa would be 
able to exist together with solution below the transition point. 
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but not above it. This transition point has not been deter- 
mined. 

Formation of Double Salts. — In all cases of four-component 
systems so far studied, the transition points have not been 
points at which one salt-pair passed into its reciprocal, but at 
which a double salt was formed. Thus, at 4"4° Glauber's salt 
and potassium chloride form glaserite and sodium chloride, 
according to the equation 

2Na,S04, ioH,0 -f 3KCI = K3Na(S04)2 + sNaCl -f aoH^O 

Above the transition point, therefore, there would be K3Na(S04)2, 
NaCl and KCl ; and it may be considered that at a higher 
temperature the double salt would interact with the potassium 
chloride according to the equation 

K3Na(S04)., -I- KCl = 2K2SO4 -I- NaCl 

thus giving the reciprocal of the original salt-pair. This point 
has, however, not been experimentally realized.' 

Transition Interval. — A double salt, we learned (p. 269), 
when brought in contact with water at the transition point 
undergoes partial decomposition with separation of one of the 
constituent salts ; and only after a certain range of temperature 
(transition interval) has been passed, can a pure saturated solu- 
tion be obtained. A similar behaviour is also found in the 
case of reciprocal salt-pairs. If one of the salt-pairs is brought 
in contact with water at the transition point, interaction will 
occur and one of the salts of the reciprocal salt-pair will be 
deposited ; and this will be the case throughout a certain range 
of temperature, after which it will be possible to prepare a 
solution saturated only for the one salt-pair. In the case of 
ammonium chloride and sodium nitrate the lower limit of the 
transition interval is 5*5", so that above this temperature and 
up to that of the transition point (unknown), ammonium 
chloride and sodium nitrate in contact with water would give 
rise to a third salt by double decomposition, in this case to 
sodium chloride. 

Graphic Representation. — For the graphic representation 

' See Meyerhoffer, Zeitschr. physika!. Chem., 1899, 28. 459. 
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of systems of four components, four axes may be chosen inter- 
secting at a point lilce the edges of a regular octahedron (Fig. 
no)/ Along these different axes the equivalent molecular 
amounts of the different salts are measured. 

To represent a given system consisting of jcB, yC, and ^D 
in a given amount of water (where B, C, and D represent 
equivalent molecular amounts of the salts), measure off on OB 
and OC lengths equal to x and y respectively. The point of 
intersection a (Fig. no) represents a solution containing x'Q 
sxiAyC (ab = x ; ac = y). From a a line aV is drawn parallel 
to OD and equal to z. P then represents the solution of the 
above composition. 

It is usual, however, not to employ the three-dimensional 




Fig. iio. 



Fig. III. 



figure, but its horizontal and vertical projections. Fig. no, if 
projected on the base of the octahedron, would yield a diagram 
such as is shown in Fig. in. The projection of the edges of 
the octahedron form two axes at right angles and give rise to 
four quadrants similar to those employed for the representation 
of ternary solutions (p. 265). Here, the point a represents a 
ternary solution saturated with respect to B and C ; and aP, 
a quaternary solution in equilibrium with the same two salts as 
soUd phases. Such a diagram represents the conditions of 
equilibrium only for one definite temperature, and corresponds, 
therefore, to the isothermal diagrams for ternary systems 
(p. 264). In such a diagram, since the temperature and 
' Lowenherz, Zdtschr. fhysikal. Chem., 1894, 13. 464. 
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pressure are constant (vessels open to the air), a surface will 
represent a solution in equilibrium with only one solid phase ; 
a line, a solution with two solid phases, and a point, one in 
equilibrium with three solid phases. 

Example. — As an example of the complete isothermal 




-v A, CZ, 



Fig. 112. 



diagram, there may be given one representing the equilibria in 
the system composed of water and the reciprocal salt-pair 
sodium sulphate — potassium chloride for the temperature o° 
(Fig. 112).^ The amounts of the different salts are measured 
along the four axes, and the composition of the solution is 

' Meyerhoffer and Saunders, Zcitschr. physikal. Chem., 1899, 28. 479. 
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expressed in equivalent gram-molecules per 1000 gram-mole- 
cules of water. ' 

The outline of this figure represents four ternary solutions 
in which the component salts have a common acid or basic 
constituent; viz. sodium chloride— sodium sulphate, sodium 
sulphate — -potassium sulphate, potassium sulphate — potassium 
chloride, potassium chloride — sodium chloride. These four 
sets of curves are therefore similar to those discussed in the 
previous chapter. In the case of sodium and potassium sul- 
phate, a double salt, glaseritc [K..,Na(S04)2] is formed. 
Points VIII. and IX. represent solutions saturated with 
respect to glaserite and sodium sulphate, and glaserite and 
potassium sulphate respectively. 

The lines which pass inwards from these boundary curves 
represent solutions containing three salts, but in contact with 
only two solid phases ; and the points where three lines meet, 
or where three fields meet, represent solutions in equilibrium 
with three solid phases ; with the phases, namely, belonging 
to the three concurrent fields. 

If it is desired to represent a solution containing the salts 
say in the proportions, siNaoCL, g'sKoCL, s'sK^SOj, the 
difficulty is met with that two of the salts, sodium chloride and 
potassium sulphate, lie on opposite axes. To overcome this 
difficulty the difference 51 — 3'5 = 47'5 is taken and measured 
off along the sodium chloride axis ; and the solution is there- 
fore represented by the point 47'5Na.jCl2, g'sK^Clj. In order, 
therefore, to find the amount of potassium sulphate present 
from such a diagram, it is necessary to know the total number 
of salt molecules in the solution. When this is known, it is 
only necessary to subtract from it the sum of the molecules of 
sodium and potassium chloride, and the result is equal to twice 
the number of potassium sulphate molecules. Thus, in the 
above example, the total number of salt molecules is 64. The 
number of molecules of sodium and potassium chloride is 5 7 ; 

' As the quantities of the salts are expressed in cquivaUnl gram- 
inolecules, the molecule of sodium and potassium chloride must be 
doubled in order to be equivalent to sodium sulphate and potassium 
sulphate. 

U 
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64 — 57 = 7, and therefore the number of potassium sulphate 
molecules is 3 "5. 

Another method of representation employed is to indicate 
the amounts of only two of the salts in a plane diagram, and to 
measure off the total number of molecules along a vertical axis. 
In this way a solid model is obtained. 

The numerical data from which Fig. 112 was constructed 
are contained in the following table, which gives the composi- 
tion of the different solutions at 0° : — ' 







Composi 


ion of solution in gram-mols. 


Total 






per 


1000 gram-mols. water. 


number 


Point. 


Solid phases. 










of salt 












mole- 




NaCl 


NazCla. 

55 


KaCL.. 


NaaSOj. 


K2S04. 


cules. 


I. 





55 


11. 


KCl 




34-5 


— 





34-5 


III. 


Na^SO^.ioH.O 


— 




6 





6 


IV. 


K.SO^ 


— 


— 


— 


9 


9 


V. 


NaCi ; KCl 


46-5 


12-5 


— 




■59 


VI. 


NaCI; Nas,SOj,loHjO 


47-5 




8 


— 


55'5 


\'II. 


KCl; KjSO., 




34-5 


— 


I 


35-5 


VIII. 


j Glaserite ; \ 
1 Na^SO^.ioH^O / 


— 




10 


10 


20 


IX. 


Glaserite; KjSO^ 


— 


— 


7'5 


10 


17-5 


X. 


jNajSOj,ioH20;KCl;\ 
\ NaCl / 


51 


9-5 




3'5 


64 


XI. 


(Na2SO^,ioH20;KCl;l 
\ glaserite J 


40-5 


13 


— 


3-5 


57 


XII. 


K^SOj; KCl; glaserite 


18 


23 


— 


3 


44 



From the aspect of these diagrams the conditions under 
which the salts can coexist can be read at a glance. Thus, 
for example, Fig. 112 shows that at o Glauber's salt and 
potassium chloride can exist together with solution; namely, 
in contact with solutions having the composition X — XI. This 
temperature must therefore be below the transition point of 
this salt-pair (p. 285). On raising the temperature to 4-4°, it 
is found that the curve VIII — XI moves so that the point XI 
coincides with point X. At this point, therefore, there will be 
four concurrent fields, viz. Glauber's salt, potassium chloride, 

' Meyerhoflei- and Saunders, Zdlscln: physikal. Cheiii., 1899, 88. 479. 
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glaserite and sodium chloride. But these four salts can co- 
exist with solution only at the transition point ; so that 
4' 4° is the transition temperature of the salt-pair : Glauber's 
salt — -potassium chloride. At higher temperatures the line 
VIII — XI moves still further to the left, so that the field for 
Glauber's salt becomes entirely separated from the field for 
potassium chloride. This shows that at temperatures above 
the transition point the salt-pair Glauber's salt — potassium 
chloride cannot coexist in presence of solution. 
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EXPERIMENTAL DETERMINATION OF THE 
TRANSITION POINT 

For the purpose of determining the transition temperature, a 
number of methods have been employed, and the most important 
of these will be briefly described here. In any given case it is 
sometimes possible to employ more than one method, but all are 
not equally suitable, and the values of the transition point obtained 
by the different methods are not always identical. Indeed, a 
difference of several degrees in the value found may quite well 
occur.i In each case, therefore, some care must be taken to select 
the method most suitable for the purpose. 

I. The Dilatometric Method. — Since, in the majority of cases, 
transformation at the transition point is accompanied by an 
appreciable change of volume, it is only necessary to ascertain the 
temperature at which this change of volume occurs, in order to 
determine the transition point. For this purpose the dilatometer 
is employed, an apparatus which consists of a bulb with capillary 
tube attached, and which constitutes a sort of large thermometer 
(Fig. 113). Some of the substance to be examined is passed into 
the bulb A through the tube B, which is then sealed off. The rest 
of the bulb and a small portion of the capillary tube is then filled 
with some liquid, which, of course, must be without chemical action 
on the substance under investigation. A liquid, however, may be 
employed which dissolves the substance, for, as we have seen 
(p. 68), the transformation at the transition point is, as a rule, 
accelerated by the presence of a solvent. On the other hand, the 
liquid must not dissolve in the substance under examination, for 
the temperature of transformation would be thereby altered. 

' See Schwarz, Beitrdge zur /\'enntnis der umkehrbaren Umwandhmgei: 
polymmf</ier Korfer Ifioiimgen, 1 892); or, Roozebooni, Heterogen. Gleich- ^ 
gewicht I. p. 125. 
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In using the dilatometer, two methods of procedure may be 
followed. According to the first method, the dilatometer containing 
the form stable at lower temperatures is placed in a 
thermostat, maintained at a constant temperature, until 
it has taken the temperature of the bath. The height of 
the meniscus is then read on a millimetre scale attached 
to the capillary. The temperature of the thermostat is 
then raised degree by degree, and the height of the 
meniscus at each point ascertained. If, now, no change 
takes place in the solid, the expansion will be practically 
uniform, or the rise in the level of the meniscus per 
degree of temperature will be practically the same at 
the different temperatures, as represented diagram- 
matically by the line AB in Fig. 114. On passing 
through the transition point, however, there will be a 
more or less sudden increase in the rise of the meniscus 
per degree (line BC) if the specific volume of the form 
stable at higher temperatures is greater than that of 
the original modification ; thereafter, the expansion will 
again be uniform (line CD). Similarly, on cooling, con- 
traction will at first be uniform and then at the transition 
point there will be a relati\-ely large diminution of 
\olume. 

If, now, transformation occurred immediately the 
transition point was reached, the sudden expansion and contraction 

would take place at the 
same temperature. It is, 
however, generally found 
that there is a lag, and 
that with rising tempera- 
ture the relatively large 
expansion does not take 
place until a temperature 
somewhat higher than the 
transition point ; and with 
falling temperature the 
contraction occurs at a 
temperature somewhat 
below the transition point. 
This is represented in 
Fig. 114 by the lines BC 
and EF. The amount of lag will vary from case to case, and will 



B 



Fig. 113 




Tempemture 

Fig. 114. 
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also depend on the length of time during which the dilatometer 
is maintained at constant temperature. 

As an example, there may be given the results obtained in the 
determination of the transition point at which sodium sulphate and 
magnesium sulphate form astracanite (p. 259).' The dilatometer 
was charged with a mixture of the two sulphates. 



Temperature. 


Level 

i 


of oil in capillary. 


Rise per i°. 


15-6° 
i6-6° 




134 
141 


7 


17-6- 
1 8-6° 
19-6° 




148 
154 

i6i 


7 

6 

7 


2o-6° 




168 


7 


21-6° 
22-6° 

23-6° 




241 
243 
251 


73 
2 
8 
8 


24-6^ 




259 





The transition point, therefore, lies about 2i"6^ (p. 259). 

The second method of manipulation depends on the fact that, 
while above or below the transition point transformation of one 
form into the other can take place, at the transition point the two 
forms undergo no change. The bulb of the dilatometer is, there- 
fore, charged with a mixture of the stable and metastable forms 
and a suitable liquid, and is then immersed in a bath at constant 
temperature. After the temperature of the bath has been acquired, 
readings of the height of the meniscus are made from time to time 
to ascertain whether expansion or contraction occurs. If expansion 
, is found, the temperature of the thermostat is altered until a 
temperature is obtained at which a gradual contraction takes 
place. The transition point must then He between these two 
temperatures ; and by repeating the determinations it will be 
possible to reduce the difference between the temperatures at which 
expansion and contraction take place to, say, 1°, and to fix the 
temperature of the transition point, therefore, to within half a 
degree. By this method the transition point, for example, of 
sulphur was found to be 95 '6° under a pressure of 4 atm.' The 
following are the figures obtained by Reicher, who used a mixture 

' Van't Hoff and van Deventer, Zeitschr, physikal. Chem., 1887, 1. 173. 
' Reicher, Zeitschr. fiir Krystallographie, 1884, 8. 593. 
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of I part of carbon disulphide (solvent for sulphur) and 5 parts of 
turpentine as the measuring liquid. 



Thmtekature 95'i'^. 


Time m minutes. 


Level of liquid. 


5 

30 
55 
65 


343-5 
340'S 
33575 
333 


Temperature 96'!°. 


Time in minutes. 


Level of liquid. 


5 

30 
55 
60 


34275 

35475 
36o'5 
361 5 


Temperature q5'6°. 


Time in minutes. Level of liquid. 


5 36875 
100 36S 
no i 36875 



At a temperature of 95-1° there is a contraction, i.e. monoclinic 
sulphur passes into the rhombic, the specific volume of the former 
being greater than that of the latter, At 96-1°, however, there is 
expansion, showing that at this temperature rhombic sulphur 
passes into monoclinic ; while at 95 '6° there is neither expansion 
nor contraction. This is, therefore, the transition temperature ; 
and since the dilatometer was sealed up to prevent evaporation of 
the liquid, the pressure within it was 4 atm. 

II. Measurement of the Vapour Pressure. — In the pre- 
ceding pages it has been seen repeatedly that the vapour pressures 
of the two systems undergoing reciprocal transformation become 
identical at the transition point (more strictly, at the triple or 
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multiple point), and the latter can therefore be determined by 
ascertaining the temperature at which this identity of vapour 
pressure is established. The apparatus usually employed for this 
purpose is the Bremer-Frowein tensimeter (p. 88). 

Although this method has not as yet been applied to systems of 
one component, it has been used to a considerable extent in the 
case of systems containing water or other volatile component. An 
example of this has already been given in Glauber's salt (p. 137). 

III. Solubility Measurements. — The temperature of the 
transition point can also be fixed by means of solubility measure- 
ments, for at that point the solubility of the two systems becomes 
identical. Reference has already been made to several cases in 
which this method was employed, e.g. ammonium nitrate (p. no), 
Glauber's salt (p. 132), astracanite and sodium and magnesium 
sulphates (p. 260). 

The determinations of the solubility can be carried out in 
various ways. One of the simplest methods, which also gives 
sufficiently accurate results when the temperature is not high or 
when the solvent is not very volatile, can be carried out in the 
following manner. The solid substance is finely powdered (in order 
to accelerate the process of solution), and placed in sufficient 
quantity along with the solvent in a tube carefully closed by a 
glass stopper ; the latter is protected by a rubber cap, such as 
a rubber finger-stall. The tube is then rotated in a thermostat, 
the temperature of which does not vary more than one or two 
tenths of a degree, until saturation is produced. The solution is 
withdrawn by means of a pipette to which a small glass tube, filled 
with cotton wool to act as a filter, is attached. The solution is 
then run into a weighing bottle, and weighed ; after which the 
amount of solid in solution is determined in a suitable manner. 

For more accurate determinations of the solubility, especially 
when the solvent is appreciably volatile at the temperature of ex- 
periment, other methods are preferable. In Fig. 115 is shown the 
apparatus employed by H. Goldschmidt,' and used to a considerable 
extent in the laboratory of van't Hofif. This consists essentially of 
three parts : a, a tube in which the solvent and salt are placed ; 
this is closed at the foot by an india-rubber stopper. Through this 
stopper there passes the bent tube cb, which connects the tube a 
with the weighing-tube d. At c there is a plug of cotton wool. 
Tube e is open to the air. The wider portion of the tube cb, which 
passes through the rubber stopper in a, can be closed by a plug 
' Zeitschr. physikal. Chem., 1895, 17. 153. 
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attached to a glass rod ff, which passes up through a hollow Witt 
stirrer, g. After being fitted together, the whole apparatus is 
immersed in the thermostat. After the 
solution has become saturated, the 
stopper of the bent tube is raised by 
means of the rod^and a suction-pump 
attached to the end of e. The solution 
-is thereby drawn into the weighing- 
tube d, the undissolved salt being re- 
tained by the plug at t. The apparatus 
is then removed from the thermostat, 
tube d detached and immediately closed 
by a ground stopper. It is then care- 
fully dried and weighed. 

Another form of solubility vessel, 
due to Meyerhoffer and Saunders, is 
shown in Fig. 116.' This consists of 
a single tube, and the stirring is effected 
by means of a glass screw. 





Fig. 115. Fro. 116. 

The progress of the solution towards saturation can be very 
well tested by determining the density of the solution from time to 
' Zeitschr. physika!. Chem., 1899, 28. 464. 
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time. This is most conveniently carried out by means of the 
pipette shown in Fig. 117.1 With this pipette the solution can not 
only be removed for weighing, but the volume 
can be determined at the same time. It consists 
of the wide tube a, to which the graduated 
capillary b, furnished with a cap c, is attached. 
To the lower end of the pipette the tube e, with 
plug of cotton wool, can be fixed. After the 
pipette has been filled by sucking at the end of 
b, the stop-cock d is closed and the cap c placed 
on the capillary. The apparatus can then be 
weighed, and the volume of the solution be ascer- 
tained by means of the graduations. 

As has already been insisted, particular care 
must be paid to the characterization of the solid 
in contact with the solution. 

IV. Thermometrie Method. — If a substance 
is heated, its temperature will gradually rise until 
the melting point is reached, and the temperature 
will then remain constant until all the solid has 
passed into liquid. Similarly, if a substance 
which can undergo transformation is heated, the 
temperature will rise until the transition point is 
reached, and will then remain constant until complete transfor- 
mation has taken place. 

This method, it will be remembered, was employed by Richards 
for the determination of the transition point of sodium sulphate 
decahydrate (p. 134). The following figures give the results 
obtained by Meyerhoffer in the case of the transformation : — 

CuKjCl^.sHaOl^CuKCls -h KCI -f aH^O 

the temperature being noted from minute to minute : 95°, 93°, 
91-8°, 917°, 92-, 92-3', 92-4", 92-2°, 92-2°, 92°, 90-5°, 89°, and then 
a rapid fall in the temperature. From this we see that the transi- 
tion point is about 92'2°. It is also evident that a slight super- 
cooUng took place (917°), owing to a delay in the transformation, 
but that then the temperature rose to the transition point. This is 
analogous to the supercooling of a liquid. 

A similar halt in the temperature would be observed on passing 
' from lower to higher temperatures ; but owing to a lag in the 
transformation, the same temperature is not always obtained. 

^ Meyerhoffer and Saunders, ibid,, p. 466. 
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V. Optical Method. — The transition point can sometimes be 
determined by noting the temperature at which some alteration in 
the appearance of the substance occurs, such as a change of colour 
or of the crystalline form. Thus mercuric iodide changes colour 
from red to yellow, and the blue quadratic crystals of copper 
calcium acetate change, on passing the transition point, into 
green rhombs of copper acetate and white needles of calcium 
acetate (p. 252). Or again, changes in the double refraction of 
the crystals may be also employed to ascertain the temperature of 
the transition point. These changes are best observed by meaqs 
of a microscope. 

For the purpose of regulating the temperature of the substance 
a small copper air-bath is employed.' 

VI. Electrical Methods. — Electrical methods for the deter- 
mination of the transition point are of two kinds, based on 
measurements of conductivity or of electromotive force. Both 
methods are restricted in their application, but where applicable 
give very exact results. 

The former method, which has been employed in several cases, 
need not be described here. The second method, however, is 
of considerable interest and importance, and calls for special 
reference.^ 

If two pieces, say, of zinc, connected together by a conducting 
wire, are placed in a solution of a zinc salt, e.g. zinc sulphate, the 
potential of the two electrodes will be the same, and no current 
will be produced in the connecting wire. If, however, the zinc 
electrodes are immersed in two solutions of different concentration 
contained in separate vessels, but placed in connection with one 
another by means of a bent tube filled with a conducting solution, 
the potentials at the electrodes will no longer be the same, and a 
current will now flow through the connecting wire. The direction 
of this current in the cell will be from the weaker to the more 
concentrated solution. 

The greater the dift'erence in the concentration of the solutions 
with respect to zinc, the greater will be the difference of the poten- 
tial at the two electrodes, or the greater will be the E.M.F. of the 
cell. When the concentration of the two solutions becomes the 
same, the E.M.F. will become zero, and no current will pass. 

It will be understood now how this method can be made use of 

' See Van Eyk, Zcitsclir. physikal. Chem., 1899, 30. 44^. 
' See in Ihi^ connection the volume in this series on Elictro-chemistiy, 
by Dr. R. A. Lehfeldt. 
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for determining the transition point of a salt, when we bear in 
mind that at the transition point the solubility of the two forms 
becomes identical. Thus, for example, the transition point of zinc 
sulphate heptahydrate into hexahydrate could be determined in the 
following manner. Tube A (Fig. u8) contains, say, a saturated 
solution of the heptahydrate along with some of the solid salt ; tube 
B, a saturated solution of the hexahydrate along with the solid salt. 
The tube C is a connecting tube bent downwards so as to prevent 
the mixing of the solutions by convection currents. ZZ are two zinc 
electrodes immersed in the solution ; the cell is placed in a ther- 
mostat and the zinc electrodes connected with a galvanometer. 
Since, now, at temperatures below the transition point the solubility 
of the hexahydrate (the metastable form) is greater than that of the 




heptahydrate, a current will be produced, flowing in the cell from 
heptahydrate to hexahydrate. As the temperature is raised 
towards the transition point, the solubilities of the two hydrates 
also approach, and the current produced will therefore become 
weaker, because the difference in the E.M.F. of the cell becomes 
less; and when the transition point is attained, the E.M.F. 
becomes zero, and the current ceases. If the temperature is 
raised above this, the solubility of the heptahydrate becomes 
greater than that of the hexahydrate, and a current will again be 
produced, but in the opposite direction. By noting the tempera- 
ture, therefore, at which the current ceases, or the E.M.F. becomes 
zero, the transition temperature can be ascertained. 

In the case just described, the electrodes consisted of the same 
metal as was contained in the salt. But in some cases, e.g. sodmm 
sulphate, electrodes of the metal contained in the salt cannot be 
employed. Nevertheless, the above electrical method can be used 



302 APPENDIX 

even in those cases, if a suitable non-polarizable mercury electrode 
is employed.^ 

Although, as we saw, no current was produced when two pieces 
of zinc were immersed in the same solution of zinc salt, a current 
will be obtained if two different metals, or even two different modi- 
fications of the same metal, are employed. Thus an E.M.F. 
will be established when electrodes of grey and of white tin are 
immersed in the same solution of zinc salt, but at the transition 
point this E.M.F. will become zero. By this method Cohen 
determined the transition point of grey and white tin (p. 40). 

' For a description and explanation of these, the reader should con- 
sult the volume in this series by Dr. Lehfeldt on Electro-chemistry ; and 
van' I Hoff, Bilduiig iind Spaltungvon Doppelsahen, p. 48 _^. 
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of supercooled liquids, 123 

, retrograde, 237 

Solute, 91 

Solution, definition of, 90 

, heat of, 107, 108 

, saturated, 104, 106 

, supersaturated, 106 

temperature, critical, 96 

, unsaturated, 106 
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Transition curve, 64 
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, methods of determining 
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, methods of determining, 
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of polymorphic sub- 
stances, 61 

Triangle, graphic representation by, 
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Triethylamine and water, 99 
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vapour, 36 
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Van't Hoff, theorem of, 55 

Vaporization curve, 5 1 

, interpolation and extra- 
polation of, 64 

of water, 19, 21 

\'apour pressure, constancy of, and 
formation of compounds, 87 

, dependence of, on solid 

phase, 84 

, influence of surface ten- 
sion on, 2 

in three-component sys- 
tems, 253 

, measurement of, 88, 296 

of calcium chloride solu- 
tions, 147 

of ice, 23, 29 

of small drops, 10 
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Vapour pressure of sodium sulphate 

and water, 136 
of solid, solution, vapour, 

124 

■ of water, 19, 29 

Variability of a system, 14, 16 
Variance of a system, 16 
Volatile components, two, 159 
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Water, 19 

, acetic acid, chloroform, 233 

, acetone, phenol, 240 

, alcohol, ether, 238 

, alcohol, chloroform, 238 
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Water, bivariant systems of, 27 

, critical pressure of, 21 

, critical temperature of, 21 

, equilibrium between ice and, 
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, equilibrium between vapour 

and, ig 

, ether, succinic nitrile, 244 

, supercooled, 28 

, , vapour pressure of, 29 

, vaporization curve of, 19 

, vapour pressure of, 21 



Zeolites, 174 

Zinc, lead, silver, 238 
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By LOTHAR Meyer, Professor of Chemistry in the University of Tubingen. 
Translated by Professors P. Phillips Bedson, D.Sc, and W Carleton 
Williams, B.Sc. Bvo., gj. 
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CHEIVI \BTK\-Continued. 

JZ/ZZ^^.— INTRODUCTION TO THE STUDY OF IN- 
ORGANIC CHEMISTRY. By W. ALLEN Miller, M.D., LL.D. With 
71 Illustrations. Fcp. 8vo. , 3^. 6rf. 

MUIR.—K COURSE OF PRACTICAL CHEMISTRY. By M. 

M. P. MuiR, M.A., Fellow and Proslector in Chemistry of Gonville and Caius 
College, Cambridge. (3 Parts.) 

Part I. Elementary. Crown 8vo., ^s. 6d. 

Part II. Intermediate. Crown 8vo., 4J-. 6d. 

Part III. \In preparation. 

NEWTff.— Works by G. S. NEWTH, F.I.C., F.C.S., Demon- 
strator in the Royal College of Science, London. 
CHEMICAL LECTURE EXPERIMENTS. With 230 

Illustrations. Crown 8vo. , 6s. 

CHEMICAL ANALYSIS, QUANTITATIVE AND QUALI- 
TATIVE. With loo Illustrations. Crown 8vo., 6s. td. 

A TEXT-BOOK OF INORGANIC CHEMISTRY. With 155 

Illustrations. Crown 8vo., 6^. 6d. 

ELEMENTARY PRACTICAL CHEMISTRY. With io8 

Illustrations and 254 Experiments. Crown 8vo. , 2s. 6d. 

iP£^Z7/V:— QUALITATIVE CHEMICAL ANALYSIS (OR- 
GANIC AND INORGANIC). By F. MoLLWO Perkin, Ph.D., Head of the 
Chemistry Department, Borough Polytechnic Institute, London. With 9 
Illustrations and Spectrum Plate. 8vo., 3J. 6d. 

FL/MM£J?. — THE CHEMICAL CHANGES AND PRO- 
DUCTS RESULTING FROM FERMENTATIONS. By R. H. Aders 
Plimmek. Bvo., 6s. net. 

^^FiYCZZ* 5.— EXPERIMENTAL CHEMISTRY FOR 

JUNIOR STUDENTS. By J. EMERSON Reynolds, M.D,, F.R.S., Pro- 
fessor of Chemistry, University of Dublin. Fcp. 8vo., with numerous Woodcuts. 

Part I. Introd'uctory. Fcp. 8vo., li'. 6d. 

Part II. Non-Metals, with an Appendix on Systematic Testing 

for Acids. Fcp. 8vo. , 2s. 6d. 

Part III. Metals, and Allied Bodies. Fcp. 8vo., 3^-. dd. 
Part IV. Carbon Compounds. Fcp. 8vo., 4J-. 

SHENSTONE.— Works by W. A. SHENSTONE, F.R.S., Lecturer 
on Chemistry in Clifton College. 

THE METHODS OF GLASS-BLOWING AND OF WORK- 
ING SILICA IN THE OXY-GAS FLAME. For the Use of Physical 
and Chemical Students. With 43 Illustrations. Crown 8vo., 2s. 6d. 

A PRACTICAL INTRODUCTION TO CHEMISTRY. 

Intended to give a Practical acquaintance with the Elementary Facts and 
Principles of Chemistry. With 25 Illustrations. Crown 8vo. . 2j. 
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CHEIM ISTRY— «)«W«Kerf. 

SMITH AND JIALL.— THE TEACHING OF CHEMISTRY 

AND PHYSICS IN THE SECONDARY SCHOOL. By Alexander 
Smith, B.Sc, Ph.D., Associate Professor of Chemistry in the University of 
Chicago, and Edwin H. Hall, Ph.D., Professor of Physics In Harvard Uni- 
versity. With 21 Woodcuts, Bibliographies, and Index. Crown 8vo., 6s. net. 

THORNTON and PEARSON— ^(JYYS, ON VOLUMETRIC 

ANALYSIS. By Aethur Thornton, M.A, andMARCHANT Pearson, B.A., 
Assistant Science Master, Bradford Grammar School. Medium 8vo., 2j. 

THORPE.— Works by T. E. THORPE, C.B., D.Sc. (Vict.), Ph.D., 
F.R.S., Principal of the Government Laboratory, London. 
Assisted by Eminent Contributors. 

A DICTIONARY OF APPLIED CHEMISTRY. 3 vols. 

8vo. Vols. I. and II., ^zs. each. Vol. III., 63J. 

QUANTITATIVE CHEMICAL ANALYSIS. With 88 Wood- 
cuts. Fcp. 8vo., 4J. 6d. 

THORPE AND J/CZZff.— QUALITATIVE CHEMICAL AN- 
ALYSIS and LABORATORY PRACTICE. By T. E. Thorpe, C.B., Ph.D., 
D.Sc, F.R.S., and M. M. Pattison Muir, M.A. With Plate of Spectra and 
57 Illustrations. Fcp. Svo. , 3J. 6d. 

TIZBEN— Works by WILLIAM A. TILDEN, D.Sc. London, 
F.R.S., Professor of Chemistry in the Royal College of Science, 
South Kensington. 

A SHORT HISTORY OF THE PROGRESS OF SCIENTIFIC 

CHEMISTRY IN OUR OWN TIMES. Crown 8vo., 5^. net. 

INTRODUCTION TO THE STUDY OF CHEMICAL 

PHILOSOPHY. The Principles of Theoretical and Systematic Chemistry. 
With 5 Illustrations. Fcp. 8vo. , 5s. With ANSWERS to Problems. Fcp. 
Svo. , 5J. 6d. 

PRACTICAL CHEMISTRY. The principles of Qualitative 

Analysis. Fcp. Svo. , is. 6d. 

WATTS' DICTIONARY OF CHEMISTRY. Revised and en- 
tirely Rewritten by H. FORSTER MORLEY, M.A., D.Sc, Fellow of, and lately 
Assistant Professor of Chemistry in. University College, London ; and M. M. 
Pattison Muir, M.A., F.R.S.E., Fellow, and Praslector in Chemistry, of 
Gonville and Cains College, Cambridge. Assisted by Eminent Contributors. 
4 vols. 8vo., ;^5 net. 

WHITE LEY.— Works by R. LLOYD WHITELEY, F.I.C., 
Principal of the Municipal Science School, West Bromwich. 

CHEMICAL CALCULATIONS. With Explanatory Notes, 

Problems and Answers, specially adapted for use in Colleges and Science 
Schools. With a Preface by Professor F. Clowes, D.Sc. (Lond.), F.I.C. 
Crown Svo. , 2J. 

ORGANIC CHEMISTRY : the Fatty Compounds. With 45 

Illustrations. Crown Svo. , %s. 6d. 
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PHYSICS, ETC. 

^/Z?G00i?.— ELEMENTARY PHYSICS AND CHEMISTRY 

_FOR THE USE OF SCHOOLS. (In Three Books.) By John Bidgood, 
•':l~""-IlB.Sc., Headmaster of the Gateshead School of Science. 

"^Book I. Elementary Physics. With 120 Illustrations. Crown 

8vo., IS. 6d. 

■Book II. Physics and Chemistry. With 122 Illustrations. 

Crown 8vo., is. 6d. 

^805^.— RESPONSE IN THE LIVING AND NON-LIVING. 

By JAGADIS Chunder Bose, M.A. (Cantab.), D.Sc. (Lond.), Professor, Presr- 
dency College, Calcutta. With 117 Illustrations. 8vo., los. 6d. 
*^* This volume describes experimental investigations on animal^ vegetable and 
inorganic substances regarding their response to stimulus. These researches show that 
the effects of fatigue, stimulants, depressants and poisons are alike in the organic and 
inorganic, and demonstrate that the response phenomena in the ' living ' have been 
foreshadowed in the 'non-living'. 

GANOr.—Wovks by PROFESSOR GANOT. Translated and 
Edited by E. Atkinson, Ph.D., F.C.S., and A. W. Reinold, 
M.A., F.R.S. 
ELEMENTARY TREATISE ON PHYSICS, Experimental 

and Applied. With 9 Coloured Plates and Maps, and 1048 Woodcuts, and 
Appendix of Problems and E.xamples with Answers. Crown 8vo., 15^. 

NATURAL PHILOSOPHY FOR GENERAL READERS 

AND YOUNG PEOPLE. With 7 Plates, 632 Woodcuts, and an Appendix 
of Questions. Crown Bvo. , ys. 6d. 

GLAZEBROOK and SBA fF.— PRACTICAL PHYSICS. By 

R. T. GLAZEBROOK, M.A., F.R.S., and W. N. Shaw, M.A. With 134 
Illustrations. Fcp. 8vo. , 7s. 6d. 

GUrifRIi:.— MOLECULAR PHYSICS AND SOUND. By 

F. Guthrie, Ph.D. With 91 Diagrams. Fcp. 8vo., is. 6d. 

RSLMJIOLTZ.—FOFVLAR LECTURES ON SCIENTIFIC 

SUBJECTS. By Hermann VON Helmholtz. Translated by E. Atkinson , 
Ph.D., F.C.S., formerly Professor of Experimental Science, Staff College. With 
68 Illustrations. 2 vols. , crown Bvo. , 3^. 6d. each. 

ff£ N £>££ son:— ELEMENTARY PHYSICS. By John 

Henderson, D.Sc. (Edin.), A.I.E.E., Physics Department, Borough Road 
Polytechnic. Crown 8vo. , zs. 6d. 

MACZEAM— EXERCISES IN NATURAL PHILOSOPHY. 

By Magnus Maclean, D.Sc, Professor of Electrical Engineermg at the 
Glasgow and West of Scotland Technical College. Crown 8vo., 4J. 6d. 

MEYER.— THE KINETIC THEORY OF GASES. Elemen- 
tary Treatise, with Mathematical Appendices. By Dr. OsKAR Emil 
Meyer Professor of Physics at the University of Breslau. Second Revised 
Edition. Translated by Robert E. Baynes, M.A., Student of Christ Church, 
Oxford, and Dr. Lee's Reader in Physics. 8vo. , rsi. net. 

FAJV 'tHOFF.—TELE ARRANGEMENT OF ATOMS IN 

SPACE By T. H. VAN t'Hoff. Second, Revised, and Enlarged Edition. 
With a Preface by Johannes Wislicenus, Professor of Chemistry at the 
University of Leipzig; and an Appendix 'Stereo-chemistry among Inorganic 
Substances,' by Alfred Werner, Professor of Chemistry at the University of 
Ziirich. Translated and Edited by Arnold Eiloart. Crown 8vo. , 6.1. b<i. 
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PHYSICS, ETC.— Continued. 

iVATS ON.— Works by W. WATSON, A.R.C.S., F.R.S., D.Sc, 
Assistant Professor of Physics at the Royal College of Science, 
London. 

ELEMENTARY PRACTICAL PHYSICS: a Laboratory 

Manual for Use in Organised Science Schools. With 120 Illustrations and 
193 Exercises. Crown 8vo. , 2s. 6d. 

A TEXT-BOOK OF PHYSICS. With 568 Diagrams and 

Illustrations, and a Collection of Examples and Questions with Answers, 
Large crown 8vo., \os. 6d. 

WORTHINGTON.—K FIRST COURSE OF PHYSICAL 

LABORATORY PRACTICE. Containing 264 Experiments. By A. M. 
WoRTHiNGTON, M.A. , F. R.S. With Illustrations. Crown 8vo. , 4J. 6rf. 

/Fi^/e^^yr.— ELEMENTARY PHYSICS. By Mark R. 

Wright, M.A. , Professor of Normal Education, Durham College of Science. 
With 242 Illustrations. Cro^vn 8vo. , 2j. 6d. 



MECHANICS, DYNAMICS, STATICS, HYDRO- 
STATICS, ETC. 

BALL.—K CLASS-BOOK OF MECHANICS. By Sir R. S. 

Ball, LL.D. 89 Diagrams. Fcp. 8vo., u. 6d. 

GOO£>£F£.~-\yoTks by T. M. GOODEVE, M.A., formerly 
Professor of Mechanics at the Normal School of Science, and 
the Royal School of Mines. 

THE ELEMENTS OF MECHANISM. With 357 lUustra- 

tions. Crown 8vo., 6j. 

PRINCIPLES OF MECHANICS. With 253 Illustrations and 

numerous Examples. Crown 8vo., 6^^. 

A MANUAL OF MECHANICS : an Elementary Text-Book 

for Students of Applied Mechanics. With 138 Illustrations and Diagrams, 
and 188 Examples taken from the Science Department Examination Papers, 
with Answers. Fcp. 8vo. , 2s. 6d. 

GOODMAJV.— MECHANICS APPLIED TO ENGINEERING. 

By John Goodman , W'h.Sch. , A. M. I.C. E. , M. I. M.E. , Professor of Engineering 
in the Yorkshire College, Leeds (Victoria University). With 620 Illustrations 
and numerous examples. Crown 8vo. , 7s. 6d. net. 

GJ?I£: V£.— LESSONS IN ELEMENTARY MECHANICS. 

By W. H. Grieve, late Engineer, R.N., Science Demonstrator for the London 
School Board, etc. 

I. With 165 Illustrations and a large number of Examples. Fcp. 8vo., 
IS. 6d. 
Stage 2. With 122 Illustrations. Fcp. Bvo., is. 6d. 
Stage 3. With 103 Illustrations. Fcp. 8vo. , is. 6d. 
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MECHANICS, DYNAIVIICS, STATICS, HYDROSTATICS, ETC- 

Confinued. 

MAGNUS.— Works by SIR PHILIP MAGNUS, B.Sc, B.A. 
LESSONS IN ELEMENTARY MECHANICS. Introductory 

to the study of Physical Science. Designed for the Use of Schools, and of 
Candidates for the London Matriculation and other Examinations. With 
numerous Exercises, Examples, Examination Questions, and Solutions, etc., 
from 1870-1895. With Answers, and 131 Woodcuts. Fcp. Bvo., js. 6rf. 
Key for the use of Teachers only, price 5s. j^d. 

HYDROSTATICS AND PNEUMATICS. Fcp. 8vo., is. 6d. ; 

or, with Answers, zs. The Worked Solutions of the Problems, 2s. 

FUZLEJV.—MECBAiilCS : Theoretical, Applied, and Experi- 

mentai By W. W. F. PuLLEN, Wh.Sch., M.I.M.E., A.M.I.C.E. With 
318 Diagrams and numerous E.xamples. Crown 8vo., 41. 6d. 

HO-B INS ON.— ELEMENTS OF DYNAMICS (Kinetics and 

Statics). With numerous Exercises. A Text-book for Junior Students. 
By the Rev. J. L. ROBINSON, M.A. Crown 8vo., 6^. 

SMITH.— Works by J. HAMBLIN SMITH, M.A. 
ELEMENTARY STATICS. Crown 8vo., 3^. 
ELEMENTARY HYDROSTATICS. Crown 8vo., 3^. 
KEY TO STATICS AND HYDROSTATICS. Crown 8vo., 6^. 

TARLETON.—KN INTRODUCTION TO THE MATHE- 
MATICAL THEORY OF ATTRACTION. By Francis A. Tarleton, 
LL.D., Sc.D., Fellow of Trinity College, and Professor of Natural Philosophy 
in the University of Dublin. Crown 8vo., los. 6d. 

TAYLOH.— Works by J. E. TAYLOR, M.A., B.Sc. (Lond.). 
THEORETICAL MECHANICS, including Hydrostatics and 

Pneumatics. With 175 Diagrams and Illustrations, and 522 Examination 
Questions and Answers. Crown 8vo. , o-s. bd. 

THEORETICAL MECHANICS— SOLIDS. With 163 (Uus- 

trations, 120 Worked Examples and over 500 Examples from Exammation 
Papers , etc. Crown 8vo. , 2J. (yd. 

THEORETICAL MECHANICS.— FLUIDS. With 122 Illus- 
trations, numerous Worked Examples, and about 500 Examples from Ex 
amination Papers, etc. Crown 8vo., is. 6d. 

THOIiNTON.—TiiEOR.ETlChh MECHANICS— SOLIDS. 

Including Kinematics, Statics and Kinetics. By Arthur Thornton, M.A. , 
F.R.A.S. With 200 Illustrations, 130 Worked Examples, and over 900 
Examples from Examination Papers, etc. Crown 8vo., +s. 61/. 
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WIECHANICS, DYNAIVIICS, STATICS, HYDROSTATICS, ETC- 

Coniinued. 

TWISDEN.—^otVs. by the Rev. JOHN F. TWISDEN, M.A. 
PRACTICAL MECHANICS ; an Elementary Introduction to 

their Study. With 855 Exercises, and 184 Figures and Diagrams. Crown 
Bvo. , loj. 6(/. 

THEORETICAL MECHANICS. With 172 Examples, 

numerous Exercises, and 154 Diagrams. Crown 8vo. , Zs. 6d. 

H//Z Z/^ ^5 OiV:— INTRODUCTION TO THE MATHE- 
MATICAL THEORY OF THE STRESS AND STRAIN OF ELASTIC 
SOLIDS. By Benjamin Williamson, D.Sc, F.R.S. Crown 8vo., 5^. 

WILLIAMSON AND TARLETON.—K^ ELEMENTARY 

TREATISE ON DYNAMICS. Containing Applications to Thermodynamics, 
with numerous Examples. By Benjamin Williamson, D.Sc, F.R.S., and 
Francis A. Tarleton, LL.D. Crown 8vo., \os. 6d. 

IVOJiTHUVG TOM— DYNAMICS OF ROTATION: an Ele- 
mentary Introduction to Rigid Dynamics. By A. M. Worthington, M.A., 
F. R. S. Crown 8vo. , 4s. 6d. 



MENSURATION, SURVEYING, ETC. 

BI?ABAJVT.— THE ELEMENTS OF PLANE AND SOLID 

MENSURATION. With Copious Examples and Answers. By F. G. 
Brabant, M.A. Crown Bvo., 35. 6d. 

(?J?/>5^ZZ'.— PRELIMINARY SURVEY AND ESTIMATES. 
By Theodore Graham Gribble, Civil Engineer. Including Elementary 
Astronomy, Route Surveying, Tacheometry, Curve Ranging, Graphic Mensura- 
tion, Estimates, Hydrography and Instruments. With 133 Illustrations, 
Quantity Diagrams, and a Manual of the Slide-Rule. Fcp. 8vo., ys, 6d. 

ZCZIG^.— MENSURATION FOR SENIOR STUDENTS. By 

Alfred Lodge, M.A., late Fereday Fellow of St. John's College, Oxford; 
Professor of Pure Mathematics at the Royal Indian Engineering College, 
Cooper's Hill. ^^'lth Answers. Crown 8vo., 45. 6d, 

LUPTON.—X PRACTICAL TREATISE ON MINE SURVEY- 
ING. By Arnold Lupton, Mining Engineer, Certificated Colliery Manager, 
Siu-veyor, Member of the Institution of Civil Engineers, etc. 'With 216 Illus- 
trations. Medium 8vo. , 12.V, net. 

A^^5^/r.— PRACTICAL MENSURATION. By A. Nesbit. 

Illustrated by 700 Practical Examples and 700 Woodcuts lamo -^s 6d 
Key, 5j. '' "* ' ' 

^iTZTW.— CIRCULAR SLIDE RULE. By G. L. Smith. 

Fcp. 8vo-, i^. net. 
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ANNALS OF MATHEMATICS. {Published under the 
Auspices OF Harvard University.) Issued Quarterly. 410., zj. net. 

BURNSIDE AND PANTON.—^ox\s. by WILLIAM SNOW 

BURNSIDE, M.A., Fellow of Trinity College, Dublin ; and 

ARTHUR WILLIAM PANTON, M.A., Fellow and Tutor of 

Trinity College, Dublin. 

THE THEORY OF EQUATIONS. With an Introduction to 

the Theory of Binary Algebraic Forms. 2 vols. 8vo. , gj. td. each. 

AN INTRODUCTION TO DETERMINANTS: being a 

Chapter from the Theory of Equations (bemg the First Chapter of the 
Second Volume of ' The Theory of Equations'). 8vo., sewed, 2J. 6(i?. 

C7?.4C.^i\^^ZZ.— PRACTICAL MATHEMATICS. By A. G. 

Cracknell, M.A., B.Sc, Sixth Wrangler, etc. With Answers to the 
Examples. Crown 8vo., 3J. 6rf. 

GRIFFIN.— \Nox\s by Rev. WILLIAM NATHANIEL GRIFFIN, 
B.D., sometime Fellow of St. John's College, Cambridge. 

THE ELEMENTS OF ALGEBRA AND TRIGONOMETRY. 

Fcp. 8vo. , 35. td. 

NOTES ON THE ELEMENTS OF ALGEBRA AND 

TRIGONOMETRY. With Solutions of the more Difficult Questions. 
Fcp. Svo., 3J. 6d. 

iffiZZOi?.— HIGHER MATHEMATICS FOR STUDENTS 

OF CHEMISTRY AND PHYSICS. With special reference to Practical 
Work. By J. W. Mellor, D.Sc, Research Fellow, The Owens College, 
Manchester. With 142 Diagrams. Svo., 12J. 6d. net. 

WELSFORD AND MA yC— ELEMENTARY ALGEBRA. By 

J. W. Welsford, M.A. , formerly Fellow of Gonville and Caius College, 
Cambridge, and C. H. P. Mayo, M.A., formerly Scholar of St. Peter's College, 
Cambridge; Assistant Masters at Harrow School. Crown Svo., 3^. dd., or 
with Answers, 45. td. 

CONIC SECTIONS, ETC. 

CASEY.— P'. TREATISE ON THE ANALYTICAL GEO- 
METRY OF THE POINT, LINE, CIRCLE, AND CONIC SECTIONS. 
By John Casey, LL.D., F.R.S. Crown 8vo., 12.1. 

i?/C.a4i?Z>.S(97V:— GEOMETRICAL CONIC SECTIONS. By 

G. Richardson, M.A. Crown 8vo. , 4s. dd. 
SALMON.— K TREATISE ON CONIC SECTIONS, containing 

an Account of some of the most Important Modern Algebraic and Geometric 
Methods. By G. Salmon, D.D., F.R.S. 8vo., i2j. 

^J/Zri^— GEOMETRICAL CONIC SECTIONS. By J. 

Hamblin Smith, M.A. Crown 8vo., 3^. 6d. 
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THE CALCULUS, LOGARITHMS, ETC. 

BARKER. — Q,^KSYi\^h.l. CALCULUS. By Arthur H. 

Barker, B.A., B.Sc With an Introduction by John Goodman, A.M.I.C.E. 
Witli 6i Diagrams. Crown 8vo. , 4J. dd. 

MURRA Y. — Works by Daniel Alexander Murray, Ph.D. 
AN INTRODUCTORY COURSE IN DIFFERENTIAL 

EQUATIONS. Crown 8vo., 4J. dd. 

A FIRST COURSE IN THE INFINITESIMAL CAL- 
CULUS. Crown 8vo., ^s. bd. 
O'DEA.—Mi ELEMENTARY TREATISE ON LOGAR- 
ITHMS, EXPONENTIAL AND LOGARITHMIC SERIES, UNDETER- 
MINED CO-EFFICIENTS, AND THE THEORY OF DETERMINANTS. 
By James J. O'Dea, M.A. Crown 8vo., 2j. 

r.^ZiS'.— PRINCIPLES OF THE DIFFERENTIAL AND 

INTEGRAL CALCULUS. By Thomas Tate. i2mo., 45. 6rf. 
WILLIAMSON.— V^oxV'i. by BENJAMIN WILLIAMSON, D.Sc. 
AN ELEMENTARY TREATISE ON THE DIFFERENTIAL 

CALCULUS; containing the Theory of Plane Curves with numerous 
Examples. Crown 8vo., loj. 6d. 

AN ELEMENTARY TREATISE ON THE INTEGRAL 

CALCULUS; containmg Applications to Plane Curves and Surfaces, and 
also a Chapter on the Calculus of Variations, with numerous Examples. 
Crown 8vo., \os. 6d. 
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^ZZJ/^iV. — GREEK GEOMETRY FROM THALES TO 

EUCLID. By G. J. Allman. 8vo., io^ tid. 

^y4^i?^ZZ.— ELEMENTARY GEOMETRY. By Frank R. 

Barrell, M.A. , B.Sc, Professor of Mathematics, University College, Bristol. 
Section I. Part I., being the subject-matter of Euclid, Book I. Crown 8vo., \s. 
Section I. Part II., containing lie subject-matter of Euclid, Book III. 1-34, and 

Book IV. 4-9. Crown 8vo. , xs. 
Section I. complete. Crown Bvo. , 2J". 

Section II., containing the remainder of Euclid, Books III, and IV., together with 
the subject-matter of Books II. and VI. With explanation of Ratio and Pro- 
portion, Trigonometric Ratios and Measurement of Circles. Crown 8vo. , ijt. td. 
Sections I. and II. in one volume. Crown Bvo., 3J. 6d. 

Section III., containing the subject-matter of Euclid, Book XT., together with a 
full treatment of volume and surface of the cylinder, cone, sphere, etc. 

\Jn preparation. 

CASEY.-Works by JOHN CASEY, LL.D., F.R.S. 

THE ELEMENTS OF EUCLID, BOOKS I.-VI. and Pro- 
positions, L-XXL of Bool; XI., and an Appendix of the Cylinder, Sphere, 
Cone. etc. With Copious Annotations and numerous Exercises. Fcp. 8vo., 
4J. 6d. Key to Exercises. Fcp. 8vo. , 6j. 

A SEQUEL TO THE ELEMENTS OF EUCLID. Part I. 

Books L-VI. With numerous Examples. Fcp. 8vo., y. 6d. 

A TREATISE ON THE ANALYTICAL GEOMETRY OF 

THE POINT, LINE, CIRCLE AND CONIC SECTIONS. Containing 
an Account of its most recent Extension. Crown 8vo. , i2j. 
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CEOIVIETRY AND EUCLID— ft)«ft«Kcrf. 

iy^iJ/ZZrOTV.— ELEMENTS OF QUATERNIONS. By the 

late Sir William Rowan Hamilton, LL.D., M.R.I. A. Edited by Charles 
Jasper JOLY, M. A., Fellow of Trinity College, Dublin. 2 vols. 4to. 21j.net each. 

^/MS.— THE OUTLINES OF QUATERNIONS. By Lieut.- 

Colonel H. W. L. Hime, late Royal Artillery. Crown 8vo., loj. 

LONGMANS' LIST OF APPARATUS FOR USE IN GEO- 
METRY, ETC. 

1. LONGMANS' ENGLISH AND METRIC RULER, Marked on one edge 

in Inches, Eighths, Tenths and Five-fifths. Marked on the other edge in 
Centimetres. Price \d, net. 

2. LOW'S IMPROVED SET SQUARES. Designs A & B. 45° to 60°. 

A I 60° 4" 1 fB I 60° 4" each i/- net. 
A 2 60° 6" yor-^B2 6o°6" ,, 1/3 ,, 
A3 6o°84"J (_B3 5o°8i" „ 2/- ,, 



A I 45° 4" 1 C B I 45° 4" each i/- net. 
A2 45° 6" ^or-^ B2 45° 6" „ 1/3 ,, 
A3 45° srJ lB3 4S°8i" „ 2/- ,, 

3. LOW'S IMPROVED PROTRACTORS (Celluloid). Protractor No. 2. 3" 

radius, marked in degrees, td. net. Protractor No. 3. 4" radius, marked is 
i-degrees, 9^/. net. 

4. LOW'S ADJUSTABLE PROTRACTOR SET SQUARE, ■zs. 6d. net. 

^(9^._TEXT-B00K ON PRACTICAL, SOLID, AND DE- 
SCRIPTIVE GEOMETRY. By David Allan Low, Professor of Engineer- 
ing, East London Technical College. Crown Bvo. 

Part I. With 114 Figures, 2s. Part II. With 64 Figures, 3^-. 
MORRIS AND HUSBAND.— V^ACTICKL PLANE AND 

SOLID GEOMETRY. By L Hammond Morris and Joseph Husband. 
Fully Illustrated with Drawings. Crown 8vo., 2s. 6d. 

if(9i?i?ZS.— GEOMETRICAL DRAWING FOR ART STU- 
DENTS. Embracing Plane Geometry and its Applications, the Use of Scales, 
and the Plans and Elevations of Solids as required in Section I. of Science 
Subjects. By I. Hammond Morris. Crown 8vo., 2s. 

SMITH.— ^IJEME^IS OF GEOMETRY. By J. Hamblin 

Smith, M.A. Containing Books i to 6, and portions of Books 11 and 12, of 
Euclid, with Exercises and Notes. Cr. 8vo., y. 6d. Key, crown 8vo., 8j. 6d. 

Books I and 2, limp cloth, is. 6d., may be had separately. 

SFOONER.—TWE ELEMENTS OF GEOMETRICAL DRAW- 
ING: an Elementary Text-book on Practical Plane Geometry, including an 
Introduction to Solid Geometry. Written to include the requirements of the 
Syllabus of the Board of Education in Geometrical Drawing and for the use of 
Students preparing for the Military Entrance Examinations. By Henry J. 
Spooner, C.E., M.Inst.M.E. Crown Bvo., 3.;. M. 

fF^r.S'CiV:— ELEMENTS OF PLANE AND SOLID GEO- 
METRY. By H. W. Watson, M.A. Fcp. 8vo., 3^. 6d. 
JF/Z^OiV.— GEOMETRICAL DRAWING. For the use of 

Candidates for Army Examinations, and as an Introduction to Mechanical 
Drawing. By W. N. Wilson, M.A. Parts I. and II. Crown 8vo. , 4J. 6(7". each 

?F/iVr^i?.— ELEMENTARY GEOMETRICAL DRAWING. 

By S. H. Winter. 
Part I. Including Practical Plane Geometry, the Construction of 

Scales, the Use of the Sector, the Marquois Scales, and the Protractor. 
With 3 Plates and loog Ejfercises and Examination Papers. Post 8vo., s^- 
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TRIGONOMETRY. 

CAS£Y.~A TREATISE ON ELEMENTARY TRIGONO- 
METRY. By John Casey, LL.D., F.R.S., late Fellow of the Royal University 
of Ireland. With numerous Examples and Questions for Examination. i2mo., 

y- 
CZAJiJ^£.—FLANE TRIGONOMETRY. Containing the more 

advanced Propositions, Solution of Problems and a complete Summary of For- 
mulae, Bookwork, etc., together with recent Examination Papers for the Army, 
Woolwich, etc. With Answers. By the Rev. A. Dawson Clarke, M.A., St. 
John's College, Cambridge. Crown 8vo., 5J. 

GOOD JVIN.— Works by H. B. GOODWIN, M.A. 
PLANE AND SPHERICAL TRIGONOMETRY. In Three 

Parts, comprising those portions of the subjects, theoretical and practical, 
which are required in the Final Examination for Rank of Lieutenant ',at 
Greenwich. 8vo. , 8s. 6(/. 

ELEMENTARY PLANE TRIGONOMETRY. With numerous 

Examples and Examination Papers set at the Royal Naval College in recent 
years. With Answers. 8vo. , s^. 

/OJVi:S.— THE BEGINNINGS OF TRIGONOMETRY. By 

A. Clement Jones, M.A., Ph.D., late Open Scholar and Senior Hulme 
Exhibitioner of Brasenose College, Oxford ; Senior Mathematical Master of 
Bradford Grammar School. Crown 8vo., 2S. 

MURjRAY.— Works by DANIEL A. MURRAY, B.A., Ph.D. 
PLANE TRIGONOMETRY. Crown 8vo., 3.^. 6d. With 

Logarithmic and Trigonometric Tables. Crown Bvo. , 5.^. 

SPHERICAL TRIGONOMETRY. With Answers. Crown 

8vo. , 2J. 6d. 

PLANE AND SPHERICAL TRIGONOMETRY. With 

Answers. Crown 8vo. , 6j-. 

5Af/7W.— ELEMENTARY TRIGONOMETRY. By J. Hamblin 
Smith, M.A. Crown Bvo., 4^. 6d. Key, js. td. 



OPTICS, PHOTOGRAPHY, ETC. 

ABNEY.—A TREATISE ON PHOTOGRAPHY. By Sir William 

DE Wiveleslie Abney, K.C.B., F.R.S., Principal Assistant Secretary of the 
Secondary Department of the Board of Education. With 134 Illustrations. 
Fcp. Bvo., 5j\ 

DRUDE.—THE THEORY OF OPTICS. By Paul Drude, 

Professor of Physics at the University of Giessen. Translated from the German 
by C. RiBOEG Mann and Robert A. Millikan, Assistant Professors of 
Physics at the University of Chicago. With no Diagrams. Bvo., 15^. net. 

GLAZEBROOK.—VHY?,lCkE OPTICS. By R. T. Glaze- 

BEOOK, M.A., F.R.S., Principal of University College, Liverpool. With 183 
Woodcuts of Apparatus, etc. Fcp. Bvo., 6s. 

VANDERPOEL.—Q.OX.O'^ PROBLEMS : a Practical Manual 

for the Lay Student of Color. By Emily Noyes Vandrepoel. With 117 
Plates in Color. Square 8vo. , 2i.(. net. 

WRIGHT.— OYIVZAE PROJECTION : a Treatise on the Use 

of the Lantern in Exhibition and Scientific Demonstration. By Lewis Wright, 
Author of ' Light : a Course of Experimental Optics '. With 232 Illustrations'. 
Crown Bvo., 6j. 
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SOUND, LIGHT, HEAT, AND THERMODYNAMICS. 

Z'^Xr^^.— ELEMENTARY PRACTICAL SOUND, LIGHT 

AND HEAT. By Joseph S. Dexter, B.Sc. (Lond.), Physics Master, 
Technical Day School, The Polytechnic Institute, Regent Street. With 152 
Illustrations. Crown 8vo., 2J. dd. 

EMTAGE.—IAGWV. By W. T. A. Emtage, M.A., Director of 

Public Instruction, Mauritius. With 232 Illustrations. Crown 8vo., bs. 

HELMBOLTZ.~On THE SENSATIONS OF TONE AS A 

PHYSIOLOGICAL BASIS FOR THE THEORY OF MUSIC. By Her- 
mann VON Helmholtz. Royal 8vo. , 28J. 

MAXWELL.— TYi^O^Y OF HEAT. By J. Clerk Maxwell, 

M.A., F.R.SS., L. and E. With Corrections and Additions by Lord RAY 
LEIGH. With 38 Illustrations. Fcp. 8vo. , 41. 6d. 

FLANCK.—T^'EhTl^^. ON THERMODYNAMICS. By Dr. 

Max Planck, Professor of Theoretical Physics in the University of Berlin. 
Translated, with the Author's sanction, by Alexander Ogg, M.A., B.Sc, 
Ph.D. , late i85r Exhibition Scholar, Aberdeen University; Assistant Master, 
Royal Naval Engineering College, Devon port. 8vo. , js. 6d. net. 

SMITH.— T-HK STUDY OF HEAT. By J. Hamblin Smith, 

M.A., of Gonville and Caius College, Cambridge. Crown 8vo., y. 

TYNL)ALL.—W ox^s by JOHN TYNDALL, D.C.L., F.R.S. 
See p. 36. 

WORMELL.—K CLASS-BOOK OF THERMODYNAMICS. 

By Richard Wormell, B.Sc, M.A. Fcp. 8vo., is. 6d. 

WRIGHT.— \Noxks by MARK R. WRIGHT, M.A. 
SOUND, LIGHT, AND HEAT. With i6o Diagrams and 

Illustrations. Crown Svo. , 2S. 6d. <\ 

ADVANCED HEAT. With 136 Diagrams and numerous 

Examples and Examination Papers. Crown 8vo. , 4J. 6d. 



STEAM, OIL, AND GAS ENGINES. 

BALE.—K HAND-BOOK FOR STEAM USERS; being Rules 

for Engine Drivers and Boiler Attendants, with Notes on Steam Engine and 
Boiler Management and Steam Boiler Explosions. By M. Powis BALE, 
M.I.M.E., A.M.I. C.E. Fcp. 8vo., 2j. (,d. 

CLERK.— THE GAS AND OIL ENGINE. By Dugald 

Clerk, Member of the Institution of Civil Engineers, Fellow of the Chemical 
Society, Member of the Royal Institution, Fellow of the Institute of Patent 
Agents. With 228 Illustrations. 8vo., ijj. 
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STEAM, OIL, AND CAS ENGINES— Co«?/««erf. 

ffOLMES.—TUE STEAM ENGINE. By George C. V. 

Holmes, Chairman of the Board of Works, Ireland. With 212 Illustrations. 
P"cp. 8vo., 6s. 

NEILSON.—TYi'E STEAM TURBINE. By Robert M. 

Neilson, Whitworth Exhibitioner, Associate Member of the Institute of 
Mechanical Engineers, Lecturer on Steam and the Steam Engine at the 
Heginbottom Technical School, Ashton-under-Lyne. With 212 Illustrations. 
8vo. , 105. 6d, net. 

NORRIS.—P^ PRACTICAL TREATISE ON THE 'OTTO' 

CYCLE GAS ENGINE. By William Norris, M.I.Mech.E. With 207 
Illustrations. 8vo. . 105. 6d. 

FARS0N'S.~'&1:EKU boilers: THEIR THEORY AND 

DESIGN. By H. DE B. Parsons, B.S., M.E., Consulting Engineer; 
Member of the American Society of Mechanical Engineers, American Society 
of Civil Engineers, etc. ; Professor of Steam Engineering, Rensselaer Poly- 
technic Institute. NVith numerous Illustrations. Svo. 

RIFFER.—\\ oxk.s by WILLIAM RIPPER, Professor of Engineer- 
ing in the Technical Department of University College, Sheffield. 
STEAM. With 185 Illustrations. Crown 8vo., 2s. 6d. 
STEAM ENGINE THEORY AND PRACTICE. With 441 

Illustrations. 8vo., gj, 

SENNETT AND ORAM.— TH'E MARINE STEAM ENGINE; 

A Treatise foe Engineering Students, Young Engineers and Officers of the 
Royal Navy and Mercantile Marine. By the late Richard Sennett, 
Engineer-in-Chief of the Navy, etc. ; and Henry J. Oram, Deputy Engineer- 
in-Chief at the Admiralty, Engineer Rear Admiral in H. M. Fleet, etc. With 
414 Diagrams. Svo. , 2ii. 

STROME YER. —MAKmE BOILER MANAGEMENT AND 

CONSTRUCTION. Being a Treatise on Boiler Troubles and Repairs, 
Corrosion, Fuels, and Heat, on the properties of Iron and Steel, on Boiler 
Mechanics, Workshop Practices, ana Boiler Design. By C. E. Stromeyer, 
Chief Engineer of the Manchester Steam Users' Association, Member of 
Council of the Institution of Naval Architects, etc. With 452 Diagrams, etc. 
Svo. , 12s. net. 

ARCHITECTURE, BUILDING CONSTRUCTION, ETC. 

ADVANCED BUILDING CONSTRUCTION. By the Author 

of ' Rivingtons' Notes on Building Construction '. With 385 Illustrations. 
Crown Svo. , 4J. 6d. 

B [/ERELL.—BUlLBmG CONSTRUCTION. By Edward J. 

BURRELL, Second Master of the People's Palace Technical School, London. 
With 303 Working Drawings. Crown Svo. , zs. 6d. 

GWILT.^AN ENCYCLOPEDIA OF ARCHITECTURE. 

By Joseph Gwilt, F.S.A. Revised (1888), with Alterations and Considerable 
Additions by Wyatt Papworth. With 1700 Engravings. 8vo., 2tj. net. 

FARRIER AND UJVWIJV.—TUE ART OF BUILDING A 

HOME : A Collection of Lectures and Illustrations. By Barry Parker and 
Raymond Unwin. With 68 Full-page Plates. 8vo., los. 6d. net. 
RldfARDS.—BRlCK'LAYmG AND BRICKCUTTING. By 

H. W. Richards, Examiner in Brickwork and Masonry to the City and Guilds 
of London Institute, Head of Building Trades Department, Northern Poly- 
technic Institute, London, N. With over 200 Illustrations. Svo. , 3^. 6d. 
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ARCHITECTURE, BUILDING CONSTRUCTION, KTC.-Contt?iuea. 

^^Z'i'OiV.— BUILDER'S WORK AND THE BUILDING 

TRADES. By Col. H. C. Seddon, R.E. With numerous Illustrations. 
Medium 8vo. , i6s, 

THOMAS.— TYiE VENTILATION, HEATING AND 

MANAGEMENT OF CHURCHES AND PUBLIC BUILDINGS. By 
J. W. Thomas, F.I.C, F.C.S., Author of 'Coal, Mine-Gases, and Ventila- 
tion,' etc. With 25 Illustrations. Crown 8vo., 2s. bd. 

VALZ)£Ji.— BOOK OF TABLES, giving the Cubic Contents of 

from One to Thirty Pieces Deals, Battens and Scantlings of the Sizes usually 
_ imported or used in the Building Trades, together with an Appendix showing a 
large number of sizes, the Contents of which may be found by referring to the 
aforesaid Tables. By Thomas Valder. Oblong 4to., 6s. net. 

RIVINCTONS' COURSE OF BUILDING CONSTRUCTION. 

NOTES ON BUILDING CONSTRUCTION. Medium 8vo. 
Part I. With 552 Illustrations, gs. net. 
Part II. With 479 Illustrations, gs. net. 
Part III. Materials. With 188 Illustrations, i8.f. net. 
Part IV. Calculations for Building Structures. With 551 
Illustrations, 13J. net. 



ELECTRICITY AND MAGNETISM. 

ARRHENIUS.—K TEXT-BOOK OF ELECTROCHEMIS- 
TRY. By Svante Akrhenius, Professor at the University of Stockholm. 
Translated from the German Edition by John McCrae, Ph.D. With 58 
Illustrations. 8vo. , gj. bd. net. 

C^J? Z/^-f^/Z^ (9 iV.— ELECTRO-DYNAMICS : the Direct- 
Current Motor. By Charles Ashley Carus-Wilson, M.A. Cantab. With 
71 Diagrams, and a Series of Problems, with Answers. Crown 8vo., 75. bd. 

C£/i1/J//7V(S.— ELECTRICITY TREATED EXPERIMEN- 
TALLY. By L1NN-91US CUMMING, M. A. With 242 Illustrations. Cr. 8vo. , 4J. 6rf. 

Z"^ K— EXERCISES IN ELECTRICAL AND MAGNETIC 

MEASUREMENTS, with Answers. By R. E. Day. i2mo., 3J. bd. 

FITZGEHALD.— TYi^ SCIENTIFIC WRITINGS OF THE 

LATE GEORGE FRANCIS FITZGERALD, Sc.D., F.R.S., F.R.S.E., 
Fellow of Trinity College, Dublin. Collected and Edited, with an Historical 
Introduction, by Joseph Larmor, Sec.R.S. , Fellow of St. John's College, 
Cambridge. With Portrait. Bvo., 15J. 

GORE.—Tti^ ART OF ELECTRO-METALLURGY, including 

all known Processes of Electro-Deposition. By G. GoRE, LL.D., I-'.R.S. With 
56 Illustrations. Fcp. 8vo., 6s. 

^Z'iVZ'^i?6'0iV:— WorksbyJOHNHENDERSON,D.Sc,,F.R.S.E. 
PRACTICAL ELECTRICITY AND MAGNETISM. With 

159 Illustrations and Diagrams. Crown 8vo., 6s. 6d. 

PRELIMINARY PRACTICAL MAGNETISM AND ELEC- 
TRICITY. Crown 8vo., li. 
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ELECTRICITY AND mMXH^TlSWl— Continued. 

JENKIN.—YAJECTRICYIY AND MAGNETISM. By Fleeming 

Jenkin, F.R.S., M.I.C.E. With 177 Illustrations. Fcp. 3vo., y. 6d. 

/CiZ5£i?r.— ELEMENTARY TREATISE ON ELECTRICITY 

AND MAGNETISM. By G. Carey Foster, F.R.S., Fellow and Emeritus 
Professor of Physics in University College, London ; and Alfred W. Porter, 
B.Sc, Fellow and Assistant Professor of Physics in University College, London. 
Founded on Joubert's ' Traits E16mentair6 d'Electricit^ ' Second Edition. 
With 374 Illustrations and Diagrams. 8vo. , 10^. 6d. net. 

/CyC^.— EXAMPLES IN ELECTRICAL ENGINEERING. 

By Samuel Joyce, A.I.E.E. Crown 8vo., 55. 

MACLEAN AND MARCILANT.—Y.l.'E'M.YMTKKY QUES- 
TIONS IN ELECTRICITY AND MAGNETISM. With Answers. Com- 
piled by Magnus Maclean, D.Sc, M.I.E.E., and E. W. Marchant, D.Sc, 
A.I.E. E. Crown 8vo., \s. 

MEJiJi/F/£LL).— MAGNETISM AND DEVIATION OF THE 

COMPASS. By John Merrifield, LL.D., F.R.A.S., iSmo., 2s. 6d. 
PAE J?.— PRACTICAL ELECTRICAL TESTING IN PHYSICS 

AND ELECTRICAL ENGINEERING. By G. D. Aspinall Parr, Assoc- 
M.I.E.E. With 231 Illustrations. 8vo.,8s.6d. 

PC YSER.—^ox\.% by A. W. POYSER, M.A. 

MAGNETISM AND ELECTRICITY. With 235 Illustrations. 

Crown 8vo. , 2J. (id. 

ADVANCED ELECTRICITY AND MAGNETISM. With 

317 Illustrations. Crown 8vo. , 4J. td. 

RHODES.— AN ELEMENTARY TREATISE ON ALTER- 
NATING CURRENTS. By W. G. Rhodes, M.Sc. (Vict.), Consulting 
Engineer. With 80 Diagrams. 8vo., 7^. bd. net. 

SLINGO AND BROOKER.—WQrV.s by W. SLINGO and A. 
BROOKER. 
ELECTRICAL ENGINEERING FOR ELECTRIC LIGHT 

ARTISANS AND STUDENTS. With 383 Illustrations. Crown 8vo., I2j, 

PROBLEMS AND SOLUTIONS IN ELEMENTARY 

ELECTRICITY AND MAGNETISM. With 98 Illustrations. Cr. Bvo., zt. 

rFiVO^ZZ.— Works by JOHN TYNDALL,D.C.L.,F.R.S. Seep. 36. 



TELEGRAPHY AND THE TELEPHONE. 

HOPKLNS. — TELEPHONE LINES AND THEIR PRO- 
PERTIES. By William J. Hopkins, Professor of Physics in the Drexel 
Institute, Philadelphia. Crown 8vo. , 6j. 

PREECE AND SLVE IVRLGNT.— TELEGRAPHY. By Sir W. 

H. Preece, K.C.B., F.R.S., V.P.Inst., C.E., etc., Consulting Engineer and 
Electrician, Post Office Telegraphs ; and Sir J. Sivewright, K, CM. G., General 
Manager, South A frican Telegraphs. With 267 Illustrations. Fcp. 8vo. , 6s. 
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ENGINEERING, STRENGTH OF MATERIALS, ETC. 

AJVDEJiSOJV.— THE STRENGTH OF MATERIALS AND 

STRUCTURES : the Strength of Materials as depending on their Quality and 
as ascertained by Testing Apparatus. By Sir J. Anderson, C.E., LL.D. , 
F.R.S.E. With 66 Illustrations. Fop. 8vo., 3^. erf. 

BAJiJi K— RAILWAY APPLIANCES : a Description of Details 

of Railway Construction subsequent to the completion of the Earthworks and 
Structures. By Sir John Wolfe Barry, K.C.B., F.R.S., M.I.C.E. With 
218 Illustrations. Fcp. 8vo., 4J, 6d. 

DIPLOCK.—K NEW SYSTEM OF HEAVY GOODS TRANS- 
PORT ON COMMON ROADS. By Braham Joseph Diplock. With 
37 Illustrations. 8vo. , 65. 6t/. net. 

GOODMAN.— WE<ZYIK^\Q.% APPLIED TO ENGINEERING. 

By John Goodman, Wh.Sch. , A. M.I.C.E., M.I.M.E., Professor of Engineering 
in the Yorkshire College, Leeds (Victoria University). With 620 Illustrations 
and numerous Examples. Crown 8vo. , 7^. 6^. net. 

LOW. — K POCKET-BOOK FOR MECHANICAL EN- 
GINEERS. By David Allan Low (Whitworth Scholar), M.I.Mech.E., 
Professor of Engineering, E;ast London Technical College (People's Palace), 
London. With over 1000 specially prepared Illustrations. Fcp. 8vo. , gilt edges, 
rounded corners, js, 6d. 

FAJi£:LJVSOJV.—LlGm: RAILWAY CONSTRUCTION. By 

Richard Marion Parkinson, Assoc.M.Inst.C.E. With 85 Diagrams. 
8vo., TOs. 6d. net. 

SMLTir.— GRAPHICS, or the Art of Calculation by Drawing 

Lines, applied especially to Mechanical Engineering. By Robert H. Smith, 
Professor of Engineering, Mason College, Birmingham. Part I, With 
separate Atlas of 29 Plates containing 97 Diagrams. 8vo., 15J. 

STON£ v.— THE THEORY OF STRESSES IN GIRDERS 

AND SIMILAR STRUCTURES ; with Practical Observations on the 
Strength and other Properties of Materials. By Bindon B. Stoney, LL.D., 
F.R.S., M.I.C.E. With s Plates and 143 Illust. in the Text. Royal 8vo. , 36J. 

UJVWLM.—TKE TESTING OF MATERIALS OF CONSTRUC- 
TION. A Text-book for the Engineering Laboratory and a Collection of the 
Results of Experiment. By W. Cawthorne Unwin, F.R.S., B.Sc. With 5 
Plates and 188 Illustrations and Diagrams. Bvo., i6j. net. 

JVA£Ji£N.—ENGmEERlNG CONSTRUCTION IN IRON, 

STEEL, AND TIMBER. By William Henry Warren, Challis Professor 
of Civil and Mechanical Engineering, University of Sydney. With 13 Folding 
Plates and 375 Diagrams. Royal 8vo. , i6j. net. 

WHEELER.— THE SEA COAST: Destruction, Littoral Drift, 
Protection. By W. H. Wheeler, M.Inst. C.E. With 38 Illustrations and 
Diagram. Medium 8vo. , lOJ. 6d. net. 
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LONGMANS' CIVIL ENGINEERING SERIES. 

CIVIL ENGINEERING AS APPLIED TO CONSTRUCTION. 

By Leveson Francis Vernon-Harcourt, M.A. , M.Inst. C.E. With 368 

Illustrations. Medium 8vo., t4J'. net. 
Contents. — Materials, Preliminary Works, Foundations and Roads — Railway Bridge and 
Tunnel Engineering — River and Canal Engineering — Irrigation Works— Dock Works and 
Maritime Engineering — Sanitary Engineering. 

NOTES ON DOCKS AND DOCK CONSTRUCTION. By C. 

COLSON, C.B., M.Inst. C.E. With 365 Illustrations. Medium 8vo., 21s. net, 

CALCULATIONS IN HYDRAULIC ENGINEERING: a 

Practical Te.xt-Book for the use of Students, Draughtsmen and Engineers. By 
T. Claxton Fidler, M.Inst. C.E. 

Part I. Fluid Pressure and the Calculation of its Effects in En- 
gineering Structures. With numerous Illustns. and Examples. S\o.,6s. 6d. net. 

Part II. Calculations in Hydro-Kinetics. With numerous Illus- 
trations and Examples. 8vo. , yj. 6d. net. 

RAILWAY CONSTRUCTION. By W. H. Mills, M.I.C.E., 

Engineer-in-Chief of the Great Northern Railway of Ireland. With 516 Illus- 
trations and Diagrams. 8vo. , i8j. net, 

PRINCIPLES AND PRACTICE OF HARBOUR CON- 
STRUCTION. By William Shield, F.R.S.E., M.Inst. C.E. Withgy Illus- 
trations. Medium 8vo. , 15J. net. 

TIDAL RIVERS: their (i) Hydraulics, (2) Improvement, (3) 

Navigation. By W. H. Wheeler, M.Inst. C.E. With 75 Illustrations. 
Medium 8vo. , lbs. net. 

MACHINE DRAWING AND DESIGN. 

LO ^.— Works by DAVID ALLAN LOW, Professor of Engineer- 
ing, East London Technical College (People's Palace). 
IMPROVED DRAWING SCALES. 6d. net in case. 
AN INTRODUCTION TO MACHINE DRAWING AND 

DESIGN. With 153 Illustrations and Diagrams. Crown Svo., 2S. 6d. 

IMPROVED DRAWING APPLIANCES : Set-Squares, Adjust- 
able Protractor Set-Squares, Tee-Squares, Protractors, Scales, etc. 
*♦* ^ Detailed and Illustrated Prospectus will be sent on application. 

LOW AND BE VIS.— A MANUAL OF MACHINE DRAWING 

^?'t'^,°?^''^^,- . ^y David Allan Low and Alfred William Bevis 
M.I.Mech.E. With 700 Illustrations. 8vo., 7^. erf. 

UNWIN.—TYIY. ELEMENTS OF .MACHINE DESIGN. By 

W. Cawthokne Unwin, F.R.S. 
Part I. General Principles, Fastenings, and Transmissive 

Machinery. With 345 Diagrams, etc. Fcp. 8vo., js. 6d. 

Part II. Chiefly on Engine Details. With 259 Illustrations. 

Fcp, Svo. , 6s, 
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NAVAL ARCHITECTURE. 

^rr^COZ).— TEXT-BOOK OF THEORETICAL NAVAL 

ARCHITECTURE : a Manual for Students of Science Classes and Draughts- 
men Engaged in Shipbuilders' and Naval Architects' Drawing Offices. By 
Edward Lewis Attwood, Assistant Constructor, Royal Navy. With 114 
Diagrams. Crown 8vo., ys, 6d. 

WATSON.— ^KVM. ARCHITECTURE : A Manual of Laying- 
off Iron, Steel and Composite Vessels. By Thomas H. Watson, Lecturer on 
Naval Architecture at the Durham College of Science, Newcastle-upon-Tyne. 
With numerous Illustrations. Royal 8vo., 15J. net. 



WORKSHOP APPLIANCES, ETC. 

NOETBCOTT.—Lh.l'B.'K?) AND TURNING, Simple, Mecha- 
nical and Ornamental. By W. H. NORTHCOTT. With 338 Illustrations. 8vo.,i8i. 

5^^ZZ^ K— WORKSHOP APPLIANCES, including Descrip- 
tions of some of the Gauging and Measuring Instruments, Hand-cutting Tools, 
Lathes, Drilling, Planeing, and other Machine Tools used by Engineers. By 
C. P. B. Shelley, M.I.C.E. With an additional Chapter on Milling by R. 
R. Lister. With 323 Illustrations. Fcp. 8vo. , c,s. 



MINERALOGY, MINING, METALLURGY, ETC. 

BAUERMAN.—Works by HILARY BAUERMAN, F.G.S. 
SYSTEMATIC MINERALOGY. With 373 Illustrations. 

Fcp. 8vo. , 6s. 

DESCRIPTIVE MINERALOGY. With 236 Illustrations. 

Fcp. 8vo, , 6s. 

BREARLEY and IBBOTSON. — THE ANALYSIS OF 

STEEL-WORKS MATERIALS. By Harry Breaeley and Fred 
Ibeotson, B.Sc. (Lond.), Demonstrator of Micrographic Analysis, University 
College, Sheffield. With 85 Illustrations. 8vo., 14J. net. 

BREARLEY. — TW& ANALYTICAL CHEMISTRY OF 

URANIUM. By Harry Brearley, Joint Author of Brearley and Ibbotson's 
' Analysis of Steel-Works Materials ' 8vo. , 2j. net. 

GORE.—T^Y. ART OF ELECTRO-METALLURGY. By G. 

Gore, LL.D., F.R.S. With 56 Illustrations. Fcp. 8vo.,6j. 
HUNTINGTON AND M'MILLAN.-M.KYKL^: their Properties 
and Treatment. By A. K. Huntington, Professor of Metallurgy in King's 
College, London, and W. G. M'MlLLAN, Lecturer on Metallurgy in Mason's 
College, Birmingham. With 122 Illustrations. Fcp. 8vo., js. 6d. 

LCTFTON— Works by ARNOLD LUPTON, M.I.C.E., F.G.S., etc. 
MINING. An Elementary Treatise on the Getting of Minerals. 

With 596 Diagrams and Illustrations. Crown 8vo., gs. ret. 

A PRACTICAL TREATISE ON MINE SURVEYING. 

With 2og Illustrations. 8vo., 12s. net. 

i?Zffi^Z).— METALLURGY. By E. L. Rhead, Lecturer on 
Metallurgy at the Municipal Technical School, Manchester. With 94 Illustra- 
tions. Fcp. 8vo. , 35. 6d. 
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miNERALOCY, IVIININC, IVIETALUURCY, ETC.-fw;////'« /. 

RHEAD AND SEXTON.— hS&KYl^Q, AND METALLUR- 
GICAL ANALYSIS for the use of Students, Chemists and Assayers. By E. L. 
Rhead, Lecturer on Metallurgy, Municipal School of Technology, Manchester ; 
and A. Humboldt Sexton, F.I.C, F.C.S., Professor of Metallurgy, Glasgow 
and West of Scotland Technical College. 8vo. , loj. dd. net. 

i?C/rZ^K— THE STUDY OF ROCKS: an Elementary Text- 
book of Petrology. By F. RUTLEY, F.G.S. With 6 Plates and 88 other Illiis- 
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33 Illustrations in the Text. 2 vols. Crown 8vo., 24J. 

LIVERPOOL UNIVERSITY PRESS PUBLICATIONS, THE. 
The Thomson Yates Laboratories Reports. Physiology ; Path- 
ology ; Bacteriology ; Tropical Medicine ; Hygiene. Edited by Rupert 
BoYCE and C. S. Sherrington. With Plates and Illustrations in the text. 
Demy 4to. Vol I., 1898-9, 10s. -ed. ; Vol. II., 1898-9, 25^. ■ Vol III Part I ' 
1900, 7(. 6d. ; Vol. III., Part II., 1901, i2j. 6d. ; Vol. IV., Part I lii 20s'' 
Vol. IV., Part II., 1902, 2is.; Vol. V. (New Series), Part I. 'Limp' 2av ' 
Cloth, 2i.t. ' ^' ■' 
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IVIEDICINE AND SURCERY-eo«ft«Kerf. 
THE LIVERPOOL SCHOOL OF TROPICAL MEDICINE MEMOIRS. 

With Plates and Illustrations in the text. Demy 410. 

I. Malarial Fever : Its Cause, Prevention and Treatment. Con- 

taining full details for the use of Travellers, Sportsmen, Soldiers, and Residents 
in Malarious Places. By Ronald Ross, C.B., F.R.S., F.R.C.S. With 
Frontispiece. 8vo., 2s. 6d. 

II. Report of the Malaria Expedition to West Africa, August, 1899. 
By Ronald Ross, C.B., F.R.S., F.R.C.S., H. E. Annett, M.D., D.P.H. 
and E. E. Austen. With Supplementary Reports by Major G. M. Giles, 
M.B. and R. FlELDiNG-OuLD, M.B. zis. 

III. Report of the Malaria Expedition to Nigeria. Part I. Ma- 
larial Fever, etc. By H. E. Annett, M.D., J. Everett Dutton, M.B. 
and J. H. Elliott, M.D. ioj. 6d. 

V. Part I. First Progress Report of the Campaign against 
Mosquitoes in Sierra Leone (1901). By Ronald Ross, C.B. , F.R.C.S., 
F.R.S. 8vo., I J. 

V. Part II. Second Progress Report of the Campaign against 
Mosquitoes in Sierra Leone. By M. Logan Taylor, M.B. 8vo., i.t. 

VII. Report of the Yellow Fever Expedition to Para (1900). By 
H. E. Durham, M.B., F.R.C.S., and the late Walter Myeks, M.B. 
4to., js. 6d. 

VIII. Report on the Sanitary Conditions of Cape Coast Town, 
with Suggestions as to Improvement of same. By M. Logan Taylor, 
M.B. 8vo., sewed, ij. 

IX. Report on Malaria at Ismailia and Suez. By Ronald Ross, 

C.B., F.R.C.S. 8vo., sewed, is. 

X. Report of the Malaria Expedition to the Gambia, 1902. By 

J. Everett Dutton, M.B,, B.Ch. Vict., and an Appendix by F. V. 
Theobald, M.A. Demy 4to., lo.i. 6d. net. 

XL First Report of the Trypanosomiasis Expedition to Sene- 

gambia (1902) of the Liverpool School of Tropical Medicine and Medical 
Parasitology. By J. Everett Dutton, M.B., B.Ch. Vict., Walter Myers 
Fellow, The University, Liverpool, and John L. Todd, B.A., M.D., CM. 
With Notes by H. E. Annett, M.D., D.P.H., and an Appendix by F. V. 
Theobald, M.A. 410., los. 6d. net. 

MISCELLANSOUS. 

Notes on Sanitary Conditions obtaining in Para. By the Members 
of the Yellow Fever Expedition. 8vo., is. 

PAGET.— Edited by STEPHEN PAGET. 
SELECTED ESSAYS AND ADDRESSES. By Sir JAMES 

PAGET. 8vo., I2S. 6d. net 

MEMOIRS AND LETTERS OF SIR JAMES PAGET, Bart., 

F.R.S., D.C.L., late Sergeant-Surgeon to Her Majesty Queen Victoria, With 
Portrait. 8vo., 6s. net. 

/vex.— SURGERY : a Treatise for Students and Practitioners. 
By T. Pickering Pick, Consulting Surgeon to St. George's Hospital ; Senior 
Surgeon to the Victoria Hospital for Children ; H.M. Inspector of Anatomy in 
England and Wales. With 441 Illustrations. Medium 8vo. , 25^. 

POOLE.— COOKERY FOR THE DIABETIC. By W. H. and 

Mrs. PoOLE. With Preface by Dr. Pavy. Fcap. Bvo., 2s. 6d. 
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PJiOBYJSr- WILLIAMS.— A PRACTICAL GUIDE TO THE' 

ADMINISTRATION OF ANESTHETICS. By R. J. Probyn-Williams, 
M.D., Anesthetist and Instructor in Ansesthetics at the London Hospital;^ 
Lecturer in Anaesthetics at the London Hospital Medical College, etc. With- 
34 Illustrations. Crown 8vo. , 41. 6d. net. 

Qt/^/A?.— QUAIN'S (Sir Richard) DICTIONARY OF MEDI- 
CINE. By Various Writers. Third Edition. Edited by H. MoNTAGUB;. 
Murray, M. D. , F.R.C. P., Joint Lecturer on Medicine, Charing Cross Medical^ 
School, and Physician, Charing Cross Hospital ; assisted by John Harold, ; 
M.B., B.Ch. , B.A.O. , Physician to St. John's and St. Elizabeth's Hospital; 
and W. Cecil Bosanquet, M.A., M.D., M.R.C.P., Physician to Out-, 
Patients, Victoria Hospital for Children, Chelsea. With 21 Plates (14 in 
Colour) and numerous Illustrations in the Text. 8vo., 21.J. net, buckram;: 
or 301. net, half-morocco. 

<2C/^/-A^— QUAIN'S (JONES) ELEMENTS OF ANATOMY. .' 
The Tenth Edition. Edited by Edward Albert Schafer, F.R.S. , Professor -' 
of Physiology in the University of Edinburgh ; and George Dancer Thane, -s 
Professor of Anatomy in University College, London. :: 



Vol. I., Part I. EMBRYOLOGY. 
By E. A. Schafer, F.R.S. With 
2GO Illustrations. Royal 8vo., gj. 

Vol. I., Part II. GENERAL ANA- 
TOMY OR Hl.STOLOGY. ByE. 
A. Schafer, F.R.S. With 291 
Illustrations. Royal Bvo. , I2J. 6d, 

Vol. II., Part I. OSTEOLOGY— 
ARTHROLOGY. ByG.D.THANE. 
With 224 lUus. Royal Bvo., ii.r. 

Vol. II., Part II. MYOLOGY— 
ANGEIOLOGY. By G. D. Thane. 
With 199 Illustrations. Royal 8vo. , 
t6s. 

Vol. III., Part I. THE SPINAL 
CORD AND BRAIN. By E. A. 
Schafer, F.R.S. With 139 Illus- 
trations. Royal 8vo., I2.f. 6d. 



Vol. III., Part II. THE NERVES, 
By G. D. Thane. With 102 
Illustrations. Royal 8vo. , gj. 

Vol. III., Part III. THE ORGANS 
OF THE SENSES. By E. A. 
SchSfer, F.R.S. With 178 Illus- 
trations. Royal 8vo., 95. 

Vol. III., Part IV. SPLANCH- 
NOLOGY. By E. A. Schafer, 
F.R.S , and Johnson Symington, 
M.D. With 337 Illustrations. Royal 
8vo., i6j. 

Appendix. SUPERFICIAL AND 
SURGICAL ANATOMY. By 
Professor G. D. Thane and Pro- 
fessor R. J. Godlee, M.S. With 
29 Illustrations. Royal 8vo., 6s. 6d. 



SCHAFER.—Works by E. A. SCHAFER, F.R.S., Professor of 
Physiology in the University of Edinburgh. 

THE ESSENTIALS OF HISTOLOGY Descriptive and 

Practical. For the Use of Students. With 463 Illustrations. 8vo., gs. net. 

DIRECTIONS FOR CLASS WORK IN PRACTICAL 

PHYSIOLOGY ; Elementary Physiology of Muscle and Nerve and of the 
Vascular and Nervous Systems. With 48 Diagrams and 24 pages of plain 
paper at end for Notes. Bvo. , 35. net. 

small: and coz y.fii?.— diseases and injuries of 

J.^T^r-'^i^'^r'^^ \'"'t"^"c? pathology and Treatment. By Morton Smale, 
M.R.C.S., L.S.A., L.D.S., Dental Surgeon to St. Mary's Hospital Dean of 
the School, Dental Hospital of London, etc. ; and J. F Colyer L R C P 
M.R.C.S., L.D.S., Dental Surgeon to Charing Cress' Hospital 'and to'th'e 
Dental Hospital of London. Second Edition Revised and Enlarged bv I F 
Colyer. With 640 Illustrations. Large crown Bvo. 21.1. net J >■ • 
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I Henry FlySmith, B.A., M.B. Oxon., M.R.C.S. 41 Woodcuts. Cr, 8vo., 5J. 

STEPHENS AND ClfJi/STOEIfEJiS.— THE PRACTICAL 

STUDY OF MALARIA AND OTHER BLOOD PARASITES, including 
Simple Technique for Malaria and Mosquito Work, The Identification of 
Mosquitoes ; Stages of the Yellow Fever Parasite in Stegomyia ; Blackwater 
Fever; Chemistry of the Urine, etc., etc. By J. W. W. Stephens, M. D. 
Cantab., D.P. H., Walter Myers' Lecturer on Tropical Medicine, Liverpool 
University, and S. R. Christophers, M.B. Vict., I. M.S. Fully Illustrated. 
8vo., 10s. net. 

' STE FEJVSOM— WOUNDS IN WAR: the Mechanism of their 
i, Pioduction and their Treatment. By Surgeon-Colonel W. F. Stevenson 

I (Array Medical Staff), A.B., M.B. , M.Ch. Dublin University, Professor of 

■ MihtarySurgery, Army Medical School, Netley. With 86 Illustrations. 8vo.,i8s. 

TAPPEJNER. — INTRODUCTION TO CHEMICAL 

i METHODS OF CLINICAL DIAGNOSIS. By Dr. H. Tappeiner, 

Professor of Pharmacology and Principal of the Pharmacological Institute of 
theUniversity of Munich. Translatedby Edmond J. McWeeney, M.A., M.D. 
(Royal Univ. of Ireland), L.R.C.P.I., etc. Crown 8vo., 35. ^d. 

WALLER.—SNox\.% by AUGUSTUS D. WALLER, M.D., 
Lecturer on Physiology at St. Mary's Hospital Medical School, 
London ; late External Examiner at the Victorian University. 
AN INTRODUCTION TO HUMAN PHYSIOLOGY. Third 

Edition, Revised. With 314 Illustrations. 8vo., i8j. 

LECTURES ON PHYSIOLOGY. First Series. On Animal 

Electricity. 8vo. , y. net. 



VETERINARY MEDICINE, ETC. 

FITZWYGRAM.—HO^SYJi, AND STABLES. By Lieut.- General 

Sir F. FiTZWYGRAM, Bart. With 56 pages of Illustrations. 8vo. , y. net. 

STEEL.— Works by JOHN HENRY STEEL, F.R.C.V.S., F.Z.S., 
A.V.D., late Professor of Veterinary Science and Principal of 
Bombay Veterinary College. 
A TREATISE ON THE DISEASES OF THE DOG ; being 

a Manual of Canine Pathology. Especially adapted for the use of Veterinary 
Practitioners and Students. With 88 Illustrations. 8vo. , loi. 6d. 

A TREATISE ON THE DISEASES OF THE OX ; being a 

Manual of Bovine Pathology. Especially adapted for the use of Veterinary 
Practitioners and Students. With 2 Plates and 117 Woodcuts. 8vo. , 15J. 

A TREATISE ON THE DISEASES OF THE SHEEP ; being 

a Manual of Ovme Pathology for the use of Veterinary Practitioners and 
Students. With Coloured Plate and 99 Woodcuts. 8vo. , i2j, 

rotMrr.— Works by WILLIAM YOUATT. 
THE HORSE. With 52 Wood Engravings. 8vo., ^s. 6d. 
THE DOG. With 33 Wood Engravings. 8vo., 6j-. 
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and Herbert C. Robinson, under the auspices of the University of Edinburgh 
and University College, Liverpool. 

ANTHROPOLOGY. Part I. With 17 Plates and 15 Illustrations in the text. 
4to., 15J. net. 

ZOOLOGY. Part I. With 16 Plates. 410. , 30?. net. 

ASHBY.—^OyYJt, ON PHYSIOLOGY FOR THE USE OF 

STUDENTS PREPARING FOR EXAMINATION. By Henry Ashby, 
M.D. Lond., F.R.C.P., Physician to the General Hospital for Sick Children, 
Manchester. With 148 Illustrations. iSmo. , z,s. 

BARNETT.—TR^ MAKING OF THE BODY : a Children's 

Book on Anatomy and Physiology. By Mrs. S. A. Harnett. With 113 Illus- 
trations. Crown 8vo. , is. gd. 

BEDDARD.—\^ox)i.% by FRANK E. BEDDARD, M.A. Oxon. 
ELEMENTARY PRACTICAL ZOOLOGY. With 93 Illustra- 

tions. Crown 8vo. , 2J. ^d, 

THE STRUCTURE AND CLASSIFICATION OF BIRDS. 

With 252 Illustrations. 8vo., 2ij-. net. 

BIDGOOD.—K COURSE OF PRACTICAL ELEMENTARY 

BIOLOGY. By John Bidgood, B.Sc, F.L.S. With 226 Illustrations. 
Crown 8vo. , 4?. ^d. 

.i^O^.^.— RESPONSE IN THE LIVING AND NON-LIVING. 

ByjAGADis Chunder Bose, M.A. (Cantab.), D.Sc. (Lond.), Professor, Presi- 
dency College, Calcutta. With 117 Illustrations. 8vo., loj. td. 

BRODIE. — THE ESSENTIALS OF EXPERIMENTAL 

PHYSIOLOGY. For the Use of Students. By T. G. Brodie, M.D., 
Lecturer on Physiology, St. Thomas's Hospital Medical School. With 2 
Plates and 177 Illustrations in the Te.\t. 8vo. , 6j. ^d. 

CJIARMAN.— THE FORAMINIFERA : An Introduction to the 
Study of the Protozoa. By Frederick Chapman, A.L.S., F.R.M.S. 
With 14 Plates and 42 Illustrations in the Text. 8vo. , gs. net. 

FURNEAUX.—WiJMAii PHYSIOLOGY. By W. Furneaux, 

F.R.G.S. With 218 Illustrations. Crown 8vo., 2j. 6A 

HUDSON AND G0SSE.—1:B.-E ROTIFERA, or 'WHEEL- 
ANIMACULES'. By C. T. Hudson, LL.D., and P. H. GossE, F.R.S. 
With 30 Coloured and 4 Uncoloured Plates. In 6 Parts. 4to., loi. bd. each. 
Supplement i2j. dd. Complete in 2 vols., with Supplement, 4to., ^4 41. 

MACALISTER. — WTqxVs by ALEXANDER MACALISTER, 
M.D. 
AN INTRODUCTION TO THE SYSTEMATIC ZOOLOGY 

AND MORPHOLOGY OF VERTEBRATE ANIMALS. With 41 
Diagrams. 8vo. , \os. 6d. 

ZOOLOGY OF THE INVERTEBRATE ANIMALS. With 

77 Diagrams. Fcp, 8vo. , ij. 6d. 

ZOOLOGY OF THE VERTEBRATE ANIMALS. With ^9 

Diagrams. Fcp. 8vo. , is. 6d. 
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MACDOUGAL. — Works by DANIEL TREMBLY MAC- 
DOUGAL, Ph.D., Director of the Laboratories of the New 
York Botanical Garden. 
PRACTICAL TEXT-BOOK OF PLANT PHYSIOLOGY. 

With 159 Illustrations. 8vo., ^s. 6d. net. 

ELEMENTARY PLANT PHYSIOLOGY. With 108 Illustra- 
tions. Crown 8vo. , 3^. 

ifOOi?^.— ELEMENTARY PHYSIOLOGY. By Benjamin 

Moore, M.A. , Lecturer on Physiology at the Charing Cross Hospital Medical 
School. With 125 Illustrations. Crown 8vo. , 3^. 6d. 

MORGAN.—ANIUKL BIOLOGY: an Elementary Text-Book. 
By C. Lloyd Morgan, F.R.S., Principal of University College, Bristol. With 
103 Illustrations. Crown Bvo. , Zs. 6d. 

5C^i>^i?.— DIRECTIONS FOR CLASS WORK IN PRAC- 
TICAL PHYSIOLOGY : Elementary Physiology of Muscle and Nerve and of 
the Vascular and Nervous Systems. By E. A. Schafer, LL.D., F.R.S., 
Professor of Physiology in the University of Edinburgh. With 48 Diagrams. 
Bvo., y. net. 

THORNTON.— WoyYs by JOHN THORNTON, M.A. 
HUMAN PHYSIOLOGY. With 284 Illustrations, some 

Coloured. Crown 8vo., 6s. 

ELEMENTARY BIOLOGY, Descriptive and Experimental. 

With numerous Illustrations. Crown 8vo. , 3J. 6d. 
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CURTIS.— TH.'E. ESSENTIALS OF PRACTICAL BACTERI- 
OLOGY : An Elementary Laboratory Book for Students and Practitioners. By 
H. J. Curtis, B.S. andM.D. (Lond.),F.R.C.S. With 133 Illustrations. 8vo.,9J. 

Z).ff//YG^J?^.— ELEMENTARY BACTERIOLOGY. By M. L. 

Dhtngra, M.D. , CM. Edin. , Diplomate in State Medicine, University of 
Cambridge, etc. With Coloured Frontispiece and 26 Illustrations in the Text. 
Crown 8vo., 3.^. net. 

/:ff.47VZZ^iVZ?.— MICRO-ORGANISMS IN WATER. To- 
gether with an Account of the Bacteriological Methods involved in their 
Investigation. Specially designed for the use of those connected with the 
Sanitary Aspects of Water-Supply. By Percy Frankland, Ph.D., B.Sc. 
(Lond.), F.R.S., and Mrs. Percy Frankland. With 2 Plates and Numerous 
Diagrams. 8vo., i6j. net. 

PRANKLAND.—^KC1:Y.KIK in daily life. By Mrs. 
Percy Frankland, F.R.M.S. Crown Bvo., y. net. 

GOABB Y.—TWE MYCOLOGY OF THE MOUTH: A Text- 
Book of Oral Bacteria. By Kenneth W. Goadby, L.D.S. Eng., etc. ; 
Bacteriologist and Lecturer on Bacteriology, National Dental Hospital, etc. 
With 82 Illustrations. 8vo., 8j-. 6d. net. 

^Z(9C^£^.— FERMENTATION ORGANISMS : a Laboratory 
Handbook. By Alb. Klocker, Translated by G. E. Allan, B.Sc, Lecturer 
in the University of Birmingham, and J. H. Millar, F. I. C, formerly Lecturer 
in the British School of Malting and Brewing, and Revised by the Author. 
With 146 Illustrations. 8vo, , i2j. net. 
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PLIMMER. — H'tm CHEMICAL CHANGES AND PRO- 
DUCTS RESULTING FROM FERMENTATION. By R. H. Aders 
Plimmer, D.Sc, Lond., Grocers' Research Student, Jenner Institute of Pre- 
ventive Medicine. 8vo. , 6j. net. 



BOTANY. 

^/TX.fi'iV^. — ELEMENTARY TEXT-BOOK OF BOTANY. 

By Edith Aitken, late Scholar of Girton College. With 400 Diagrams. 
Crown 8vo. , 4^. td. 

BENNETT and J/C/./?ieyi K— HANDBOOK OF CRYPTO- 

GAMIC BOTANY. By Alfred W. Bennett, M.A., B.Sc, F.L.S., Lecturer 
on Botany at St. Thomas's Hospital ; and George Murray, F.L.S., Keeper 
of Botany, British Museum. With 378 Illustrations. 8vo. , i6j. 

CROSS AND BE VAN.—\Nox\s by C. F. CROSS, E. J. BEVAN 
and C. BEADLE. 

CELLULOSE : an Outline of the Chemistry of the Structural 

Elements of Plants. With Reference to their Natural History and Industrial 
Uses. With 14 Plates. Crown 8vo., i2j. net. 

RESEARCHES ON CELLULOSE, 1895- 1900. Cr.8vo.,6^.net. 

EDMONDS.— VJorVi by HENRY EDMONDS, B.Sc, London. 
ELEMENTARY BOTANY. With 342 Illustrations. Cr.8vo.,2X.6i. 
BOTANY FOR BEGINNERS. With 85 Illustrations. Fcp. 

8vo., li. 6d. 

FARMER.— A PRACTICAL INTRODUCTION TO THE 

STUDY OF BOTANY: Flowering Plants. By J. BretlandFarmer, F.R.S., 
M.A., Professor of Botany in the Royal College of Science, London. With 121 
Illustrations. Crown 8vo., 2j. 6d. 

HOFEMANN—ALPmE FLORA: for Tourists and Amateur 
Botanists. By Dr. Julius Hoffmann. Translated by E. S. Barton (Mrs. A. 
Gepp). With 40 Plates, containing 250 Coloured Figures, from Water-Colour . 
-Sketches by Hermann Friese. With Text descriptive of the most widely dis- 
tributed and attractive of Alpine Plants. 8vo. , ys. 6d. net. 

KITCHENER.— A YEAR'S BOTANY. Adapted to Home and 
School Use. ByFRANCES A. Kitchener. With iqs Illustrations. Cr. 8vo.,5i. 

LINDLEY AND MOORE.~THE TREASURY OF BOTANY. 

Edited by J. Lindley, M.D., F.R.S., and T. Moore, F.L.S. With 20 Steel 
Plates and numerous Woodcuts. Two parts. Fcp. Bvo. ,- 12s. 

McNJ^.—CEASS-BOOK OF BOTANY. By W. R. McNab. 

MORPHOLOGY AND PHYSI- I CLASSIFICATION OF PLANTS. 
OLOGY. With 42 Diagrams. With 118 Diagrams. Fcp. 8vo., 

Fcp. Bvo., I.I. 6d. I ij. sd. 

SORAUER.—A POPULAR TREATISE ON THE PHYSIO- 
LOGY OF PLANTS. By Dr. Paul Sorauer. Translated by F. E. Weiss, 
B.Sc, F.L.S. With 33 Illustrations. 8vo., 9J. net. 
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THOME AND 5^iVW2rr.— STRUCTURAL AND PHYSIO- 
LOGICAL BOTANY. By Otto Wilhelm THOMg and by Alfred W. 
Bennett, B.Sc, F.L.S. With Coloured Map and 600 Woodcuts. Fcp. 8vo., bs. 

TUBE WE.— I^ISEASES OF PLANTS INDUCED BY 

CRYPTOGAMIC PARASITES. Introduction to the Study of Pathogenic 
Fungi, Slime Fungi, Bacteria and Algse. By Dr. Karl Freiherr von 
TUBEUF, Privatdocent in the University of Munich. English Edition by 
William G. Smith, B.Sc, Ph.D., Lecturer on Plant Physiology, University 
of Edinburgh. With 330 Illustrations. Royal 8vo. , iSs. net. 

WATTS.— K SCHOOL FLORA. For the use of Elementary 
Botanical Classes. By W. Marshall Watts, D.Sc. Lond. Cr, 8vo., 2i. bd. 

AG R I C U LTURE~AND GAR D E N I N G. 

;4Z'Z>yiIf.<4iV:— AGRICULTURAL ANALYSIS. A Manual of 
Quantitative Analysis for Students of Agricultiure. By Frank T. Addyman, 
* B.Sc. (Lond.), F.I.C. With 49 Illustrations. ' Crown 8vo., 5J. net. 

COLEMAN AND ADDYMAN. — 7KA.Ci:iCKL AGRICUL- 
TURAL CHEMISTRY. By J. Bernard Coleman, A.R.C.Sc, F.I.C, and 
Frank T. Addyman, B.Sc. (Lond.), F.I.C. With 24 Illustrations. Crown 
8vo., i^ 6d. net. 

ffAGGAJiD.— Works by H. RIDER -HAGGARD. 
A FARMER'S YEAR : being his Commonplace Book for 1898. 
With 36 Illustrations by G. Leon Little and three others. Crown 8vo. , 
7J. 6d. net. 

RURAL ENGLAND : being an Account of Agricultural and 

Social Researches carried out in the years 1901 and 1902. With 23 Agricultural 
Maps and 75 Illustrations from Photographs. 2 vols. Bvo., 36s. net. 

JEKVLL.— Works by GERTRUDE JEKYLL. 
HOME AND GARDEN : Notes and Thoughts, Practical and 

Critical, of a Worker in both. With 53 Illustrations from Photographs. 8vo. , 
los. 6d. net. 

WOOD AND GARDEN : Notes and Thoughts, Practical and 

Critical, of a Working Amateur. With 71 Photographs. 8vo. , ioj. 6d. net. 

WEATHERS. — h. PRACTICAL GUIDE TO GARDEN 

PLANTS. Containing Descriptions of the Hardiest and most Beautiful 
Annuals and Biennials, Hardy Herbaceous and Bulbous Perennials, Hardy 
Water and Bog Plants, Flowering and Ornamental Trees and Shrubs, Conifers, 
Hardy Ferns, Hardy Bamboos and other Ornamental Grasses ; and also the 
best kinds of Fruit and Vegetables that may be grown in the Open Air in the 
British Islands, with Full and Practical Instructions as to Culture and Propa- 
gation. By John Weathers, F.R.H.S., late Assistant Secretary to the Royal 
Horticultural Society, formerly of the Royal Gardens, Kew, etc. With 163 
Diagrams. 8vo., 2i.r. net. 

WEBB.—Woxk% by HENRY J. WEBB, Ph.D., B.Sc. (Lond.). 
ELEMENTARY AGRICULTURE. A Text-Book specially 

adapted to the requirements of the Board of Education, the Junior 
Examination of the Royal Agricultural Society, and other Elementary Exami- 
nations. With 34 Illustrations. Crown 8vo., 2i. bd. 

AGRICULTURE. A Manual for Advanced Science Students. 

With 100 Illustrations. Crown Bvo. , ts. 6d. net. 



36 Scientific Works published by Longmans, Green, 6- Co. 



WORKS BY JOHN TYNDALL, D.G.L., LL.D., F.R.S. 

LECTURES ON SOUND. With Frontispiece of Fog-Syren, and 

203 other Woodcuts and Diagrams in the Text. Crown 8vo. , ioj. ^d. 

HEAT, A MODE OF MOTION. With 125 Woodcuts and- 

Diagrams. Crown 8vo., I'zs. 

LECTURES ON LIGHT DELIVERED IN THE UNITED 

STATES IN 1872 AND 1S73. With Portrait, Lithographic Plate, and 59 ' 
Diagrams. Crown 8vo., ^s. 

FRAGMENTS OF SCIENCE : a Series of Detached Essays, 

Addresses, and Reviews. 2 vols. Crown 8vo. , 165. 

Vol. I.— The Constitution of Nature — Radiation— On Radiant Heat in Relation to the 
Colour and Chemical Constitution of Bodies — New Chemical Reactions produced by 
Light — On Dust and Disease — Voyage to Algeria to observe the Eclipse — Niagara — 
The Parallel Roads of Glen Roy — Alpine Sculpture — Recent Experiments on Fog- 
Signals — On the Study of Physics — On Crystalline and Slaty Cleavage — On Para- 
magnetic and Diamagnetic Forces — Physical Basis of Solar Chemistry — Elementary 
Magnetism — On Force — Contributions to Molecular Physics — Life and Letters of 
Faraday— The Copley Medallist of 187c— The Copley Medallist of 1871 — Death by 
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